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Though much new knowledge has been obtained in recent years concern- 
ing the metabolism of ketone bodies, it is still difficult to assess adequately 
their significance in the normal intermediary metabolism of fatty acids 
and carbohydrates. ‘Traditionally, fatty acids have been considered to be 
the precursors of the ketone bodies or at least those produced during 
conditions of clinical ketosis (1-3); however, a host of studies (2), beginning 
with Embden in 1908, has focused attention on pyruvate and various 
amino acids as potential sources of ketone bodies, and more recently the 
ketogenic activity of pyruvate has been strikingly emphasized by Lehnin- 
ger’s finding of an essentially quantitative conversion of pyruvate to 
acetoacetate by washed liver particles in the presence of malonate (4). 
Indeed, because of the central position of acetate in intermediary meta- 
bolism almost any metabolite may be considered as a potential carbon 
source for ketone body formation. However, no reliable quantitative 
information is available concerning the extent of ketone body production 
in normal metabolism. Numerous attempts have been made in the past 
to estimate rates of acetoacetate formation and utilization, both in intact 
animals (5-8) and in isolated surviving tissues (9-11), but these studies 
suffer from the same uncertamties common to all types of balance studies 
made on intermediary metabolites: they give only the net effect of the 
rates of formation and disappearance without yielding any indication of 
the absolute magnitudes of each process. 

The present investigation was undertaken to estimate absolute rates 
of acetoacetate formation and utilization in individual tissues by an 
isotopic tracer method. The method consists in incubating slices of rat 
liver (and kidney) with a pool of labeled acetoacetate, and, after a definite 
interval, measuring the amount and the isotope content of the acetoacetate 
remaining. From the change in acetoacetate concentration, and the dilu- 
tion of its isotope content, it was possible to calculate reliable approxi- 
mations of the absolute rates of acetoacetate formation and disappearance. 
By collecting the respiratory CO, during these experiments and determin- 
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ing its isotope content it Was also possible to obtain approximations of the 
rate of acetoacetate oxidation. 


Methods and Calculations 


The isotopic acetoacetate used in this study was labeled with C’ in the 
carboxyl and 8 positions; its preparation has already been deseribed (12). 
The experimental procedures were essentially the same as those already 
described in previous studies (13). The solution of isotopic sodium aceto- 
acetate, assayed for quantity and C" content, was added, in a final con- 
centration of 0.003 mM, to approximately 5 gm., fresh weight, of slices, pre- 
pared with the Stadie-Riggs (14) slicer, and divided equally between two 
large Warburg type flasks, each containing 30 ml. of saline solution. After 
2 hours shaking in oxygen at 38° the contents of the flasks were combined, 
and the acetoacetate remaining was thermally decarboxvlated to acetone. 
This was collected by distillation and assayed by precipitation of the 
Deniges complex. Respiratory CO, was collected as carbonate on KOH 
papers and isolated as barium carbonate. 

To illustrate methods of calculating rates of acetoacetate oxidation and 
“turnover” from the data obtained in this study, protocols of two experi- 
ments, one with liver slices from a fasted rat, the other from a fed rat, are 
given in Table [. Acetoacetate content increases during incubation of 
the “fasted” liver slices, but decreases in the “fed” slices, indicating that 
acetoacetate is formed more rapidly than it is utilized in the “fasted” 
liver but is utilized more rapidly than it is formed in the “fed” liver. 
That this effect is due to a greater ketogenic activity of the “fasted” 
liver is definitely shown by the greater isotopic dilution of the acetoacetate 
during incubation with the “fasted” liver slices. In the “fasted” liver, 
starting with 187 uM of acetoacetate with a C™ excess of 1.94 per cent, 
there were recovered at the close of this experiment 201 us of acetone with 
a C™ excess of 0.83 per cent. Since all of the acetone excess C™ is in the 
carbonyl carbon, and since carboxyl and carbonyl carbons of acetoacetate 
have the same C" content, the over-all C™ excess of the acetoacetate is 
32 K OR38 = 1.25 per cent, given in Table I. The 201 um of recovered 
acetone therefore represent 1.25 & 201 1.04 = 120 uM of isotopic aceto- 
acetate, from which we can calculate that IS7 — 120 = 58 uo of isotopic 
acetoacetate disappeared, and 201 — 129 = 72 um of non-isotopic aceto- 
acetate were formed. We can also calculate (on the reasonable assumption 
that all of the acetoacetate carbons are oxidized equally rapidly) that, of 
the 620 um of respiratory CO, obtained, 620 K 0.20 °1.94 = 64 um were 
derived by oxidation of isotopic acetoacetate, this amount representing the 
complete oxidation of 64/4 = 16 gm of acetoacetate. 

The values of 58 um of acetoacetate utilized and 72 uu formed are mini- 
mal ones, since they do not take into account the non-isotopic acetoacetate 
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formed from endogenous substrates and utilized concurrently with the 
58 um of isotopic acetoacetate. To obtain a closer approximation to the 
true “turnover” rates, we have applied an equation derived previously 
(15) to calculate the rate of replacement of non-isotopic acetoacetate by 
isotopic acetoacetate derived from acetate. This equation, slightly modi- 
fied to apply to the present instance in which isotopic acetoacetate is 
being diluted by non-isotopic material, can be represented as follows: 
R, = (R: — R,) log ((A/iB) / log (A/B) 
where R, is the rate of formation of acetoacetate; (R; — R,) is (A — B), 
the difference between the initial and final acetoacetate contents; 1A 
and 7B are the respective initial and final isotope contents of acetoacetate; 
and A and B are the initial and final values of acetoacetate. By substitu- 


Taste I 
Acetoacetate ‘‘Turnover”’ in Liver Slices of Fed and Fasted Rats 
Acetoacetate 
Condition Weight of Respiratory CO: Os 
C™ excess | C™ excess excess 
mn. pu | atom pt OS pe 
per cent per cont cont 
Fasted. . 4.6 187 1.94 21 # 1.25 620 | 0.20 855 
Fed... | 81 | 187 | 1.04 | 160 1.53727) 0.25865 


ting the appropriate values from the first experiment in this equation we 
find 


R, = (187 — 201) log 1.94/1.25/log 187/201 = 83 um 


Thus, 83 um of acetoacetate were formed. And since there was a net 
increase of 201 — 187 = 14 uM, there were 83 — 14 = 69 um utilized. 

It is evident, likewise, that the 16 um of isotopic acetoacetate calculated 
to have been completely oxidized do not represent the total amount of 
acetoacetate oxidation, since no account was taken of the non-isotopic 
acetoacetate completely oxidized. A better approximation of acetoace- 
tate oxidation can be obtained by taking, as the isotope content of the 
acetoacetate undergoing oxidation, the average of its initial and final 
values; viz., (1.94 + 1.25)/2 = 1.59 per cent. Thus, 0.62 X 0.20/1.59 = 
78 uo of isotopic carbon can be assumed to have been completely oxidized, 
representing the complete oxidation of 78/4 = 20 um of acetoacetate. 
With 20 um of the 69 um of acetoacetate utilized having been oxidized to 
CO., 69 — 20 = 49 um remain unaccounted for. We assume this repre- 
sents in the main the acetoacetate which is converted to hydroxybutyrate. 
This substance could not be determined accurately in these experiments 
(16), and the amounts present, when oxidized by the Van Slyke procedure, 
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gave too little acetone for C™ analyses. However, approximate deter- 
minations indicated that the amounts formed were of the order of magni- 
tude of the acetoacetate unaccounted for; in this experiment, for example, 


the Van Slyke determination gave 40 ym of hydroxybutyrate, compared 


with 49 um of acetoacetate unaccounted for. 
In similar fashion, we can calculate from the data in the second experi- 
ment of Table I, with liver slices from the fed rat, that 45 yum of aceto- 


acetate were formed and 36 um were utilized, of which 26 um were oxidized | 


to 

Correction for Spontaneous Acetoacetate Decomposition—To obtain re- 
liable values for the rate of acetoacetate oxidation, it is necessary to correct 
further for the spontaneous decomposition of acctoacetate to acetone and 
CO, which occurs under the conditions of these experiments. Krebs and 


Eggleston (17) found that non-enzymatic decarboxylation of acetoacetate — 


Taste II 
Spontaneous Decomposition of Acetoacetate 
Acetoacetate Aceto- Aceto- 
Conditions Carbon dioxide | | acetate 
Start | Recovered as acetone equivalent 

OO eee 179 170 0 403 6.0 12.1 6.1 
Heated slices, 5 gm. 179 172 0 580 3.1 9.0 4.5 
Slices in No, 5 gm... 179 123* 2 395 5.9 11.8 | 5.9 


* The loss in acetoacetate represents 8-hydroxybutyrate formation. 


proceeds at a rate of about 5 to 7 per cent per hour at 40°. Obviously such | 
decomposition contributes to falsely high values for the rate of oxidation of — 


the labeled acetoacetate. The rate of decarboxylation under the con- 
ditions of these experiments was determined as follows: Approximately 
200 um of the labeled acetoacetate were shaken either without tissue or 
with boiled tissue or with fresh tissue under nitrogen in a saline medium 
containing 400 um of non-isotopic bicarbonate. After 2 hours at 38° the 
CO, from the medium was liberated by tipping in just sufficient acid from 
the side bulb to give pH 5; after allowing 5 minutes for complete ab- 
sorption of the CO, on the KOH paper, the CO, was precipitated with 
barium chloride and its isotope content determined. The results of these 
three experiments, given in Table II, indicate that there occurs a spon- 
taneous decarboxylation of 9 to 12 um of acetoacetate, equivalent to a 
decomposition of about 7 per cent of the acetoacetate added initially. 
Since the acetoacetate decarboxylation liberates only one-half of the labeled 
carbon of acetoacetate, the amount of C™ liberated is equivalent to the 
complete oxidation of one-half of the amount of acetoacetate which has 
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undergone decarboxylation; viz., 4.5 to 6 wm. All of the calculated values 
for acetoacetate oxidation have accordingly been corrected by subtracting 
6 wm for spontaneous decarboxylation. Because of the generally low rate 
of acetoacetate oxidation in rat liver, this correction represents a rather 
large proportion of the total isotopic CO, produced; the values obtained for 
acetoacetate oxidation can therefore be considered only rough approxi- 
mations. 


Results 


Acetoacetate *‘Turnover” in “Fed” and ‘‘Fasted’”’ Liver Slices—In Table 
IIL six experiments are summarized, including the two described in detail 
in the previous section. To make the data comparable they have been 
calculated on the basis of equal amounts of tissue; namely, 1 gm. of dry 


Taste III 
Acetoacetate Formation and Utilization by ‘‘Fed” and ‘‘Fasted”’ Liver Slices 
Values in micromoles per gm. of dry weight per 2 hours at 37°. 


| Fasted | Fed 
‘Experiment | Exponent | Experiment Experiment 
Acetoacetate | | 
61 80 92 44 31 40 
Utilization. ... a. ae 68 77 57 90 67 
| ll 11 16 18 25 30 
consumption, uw... .. «+457 829 930 596 617 848 


weight tissue. Despite variations between individual experiments two 
marked differences in acetoacetate metabolism between livers of fed and 
fasted animals are evident. The rate of formation of acetoacetate, average 
78 + 11 uo in the “fasted” liver, is about twice that of the “fed” liver, 
average 38 + 5 um. The rate of acetoacetate oxidation is higher in the 
“fed” liver, with an average of 24 + 4 um as compared with 13 + 2 for the 
“fasted” liver. The net utilization (that is, the amount of acetoacetate 
which disappeared, corrected for the amount oxidized) which we attribute 
to 8-hydroxybutyrate formation is virtually the same in both conditions; 
viz., 52 um. On the basis of these results, the greater accumulation of 
ketone bodies in the livers of fasting animals, observed by Edson and others 
(18), ean be attributed not only to their increased formation but also to 
their decreased oxidation. However, the rate of oxidation of acetoacetate 
in liver is notably low under both circumstances, far lower than the rate of 
acetoacetate formation in the “fed” liver. Hence, if these results are 


indicative of conditions in the intact animal, we can assume that under 
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normal conditions the liver continuously produces small amounts of ketone — 


bodies. 

Acetoacetate Formation from Pyruvate—Although various investigators 
have at times noted a ketogenic effect of pyruvate in liver slices (18), 
this effect is not nearly so marked as, for example, that of the short chain 
fatty acids. The results of Lehninger (4), which demonstrate a more 
or less quantitative conversion of pyruvate to acetoacetate in washed 


particles of liver, pose the question why pyruvate is not particularly | 


ketogenic in the relatively intact cells of the liver slice. It is possible, 


of course, that in the intact liver cell, in contrast with the homogenate, | 


ketone bodies are formed but are further metabolized in the presence of 
pyruvate. To test this possibility experiments on acetoacetate turnover 
were carried out in the presence of 0.01 mM pyruvate. On comparison of 


Tasie IV 


Acetoacetate Formation and Utilization by ‘‘Fasted’’ Liver Slices in Presence of 
Fumarate and Pyruvate 


Values in micromoles per gm. of dry weight per 2 hours at 37°. 


Pyruvate 0.01 | Fumarate 0.01 


Acetoacetate | | 
Formation. . i's «heaal 77 | 105 | 78 | 85 
Utilization... pre 90 101 80 | 62 
Oxidation.............. 2 10 

consumption, ww 842 | 968 | 554 1010 


pyruvate has no marked effect on either formation or oxidation of aceto- 
acetate in the “‘fasted’’ liver slice. We can conclude therefore that pyru- 


vate does not yield ketone bodies in quantity in intact liver cells, nor does © 


it have a “‘ketolytic” effect in the sense of accelerating the oxidation of 


acetoacetate. If acetoacetate oxidation can occur in liver, it might be © 
expected that it would be enhanced by the addition of fumarate, since in © 
other tissues acetoacetate undergoes oxidation via the citric acid cycle © 


(12, 17). However, as shown in Table IV, fumarate did not accelerate 
acetoacetate oxidation. It is possible in these experiments that an in- 


creased oxidation of acetoacetate might not be manifested by an increased | 


incorporation of C™ in the respiratory CO. because of “trapping” in the 
large excess of added fumarate. Further investigation of this matter was 
not undertaken. 


Acetoacetate “Turnover” in Kidney—Though acetoacetate oxidation in | 


extrahepatic tissues has been amply demonstrated in the past (3), it was 
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of interest to compare the “‘turnover”’ rates in liver and kidney slices under 
the conditions of these experiments. The results of such a study are shown 
in Table V. It is evident that acetoacetate formation is lower in kidney, 
but the main difference between the two tissues is the high rate of aceto- 
acetate oxidation in kidney, which is about 10 times that in liver. Pyru- 
vate did not increase acetoacetate formation in kidney, but seemed to cut 


TABLE V 
Acetoacetate Formation and Utilization in Kidney Slices 
Values in micromoles per gm. of dry weight per 2 hours at 37°. 


| Additional substrate 
Acetoacetate | | | 
46 25 33 33 
Utilization... 308 249 313 445 360 
Oxidation  _.... sas 177 153 125 112 158 
O, consumption, ww... 1480 1280 1390 1780 1265 
Tasie VI 


Acetoacetate ‘‘Turnover”’ in Whole Homogenates of Liver and Kidney 
Values in micromoles per gm. of dry weight per 2 hours at 37°. 


None ory | M | ory | 
Acetoacetate........... | | 
Formation.......... | 26 179 19 23 15 
Utilization... 26 74 146 64 70 140 
Oxidation... 7 9 
O: consumption, war... .. B16 950 1290 272 288 463 


down the rate of oxidation, probably by substrate competition. Fumarate 
likewise had no effect on acetoacetate ‘‘turnover,” except for a decrease in 
oxidation at high fumarate concentration, which can be attributed also 
to “trapping” of isotopic carbon or to substrate competition. The high 
rate of “utilization” of acetoacetate in the presence of fumarate is probably 
the result of an increased rate of reduction to hydroxybutyrate, owing to 
the following DPN-linked oxidation-reduction. 


Malate + acetoacetate = oxalacetate + hydroxybutyrate 


Effect of Homogenization on Acetoacetate “‘Turnover’—The remarkable 
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tendency for pyruvate to yield acetoacetate in broken cell preparations of 
liver is illustrated in Table VI. In the presence of pyruvate, acetoacetate 
production was about twice that in an equivalent weight of slices, despite 
the fact that the endogenous production of acetoacetate in the homogenate 
was cut to approximately one-third that in slices. Pyruvate did not 
enhance acetoacetate production in the kidney homogenate, however, nor 
did fumarate in either liver or kidney. Thus it appears that the ketogenic 
action of pyruvate seems limited to liver and is manifested to a high 
degree only in broken cell preparations of this tissue. 


DISCUSSION 

Quantitative Significance of Ketogenesis in Liver Slices—The high yields 
of ketone bodies displayed by liver slices in the presence of short chain 
fatty acids in vitro have emphasized their réle in fatty acid catabolism 
and have led to the conception that the main function of the liver in fatty 
acid breakdown is to convert fatty acids to ketone bodies which are then 
transported to peripheral tissues for complete oxidation (3). The studies 
of Lehninger, demonstrating essentially complete conversion of octanoate 
and pyruvate (4) to acetoacetate by particles of rat liver, provided con- 
siderable support to this contention. However, experiments with isotopic 
short chain fatty acids indicated that liver slices can oxidize these sub- 
stances to completion as well as to ketone bodies (16); and more recently 
it has been observed that the main pathway of catabolism of the natural 


fatty acids of 16 and 18 carbon atoms in liver is complete oxidation to— 


CO,. This was found not only for isolated mitochondria (19), but also 
for the intact cells of the liver slice (20). 


It can be assumed from these studies that ketogenesis is not a major — 


process of fatty acid catabolism in normal rat liver, and this conclusion 
is strongly supported by the results of the present study, demonstrating 
that only a relatively minor proportion of the total oxygen consumed by 
liver slices is utilized for formation and oxidation of acetoacetate. For 


example, in Table III, Experiment 1, with “fed” liver there was an oxygen © 
consumption of 596 um. According to Equation 1, the 18 ue of acetoacetate 


(1) C.H.O; + 40; — 4CO, + 3H,0 
oxidized in this experiment would require 4 X 18 = 72 um of oxygen or 


72/596 = 12 per cent of the oxygen utilized. The 44 um of acetoacetate © 


formed would require (on the reasonable assumption that the acetoacetate 


arose from fatty acids whose chemical composition approximates palmitic | 


acid, according to Equation 2) (44  7)/4 = 77 uM of oxygen, or 13 per 
(2) 202 + 70; - 4CH;COCH,COOH + 4H,0 


cent of the oxygen consumption. Thus, a maximum of 13 + 12 = 25 per | 
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ms Of | cent of the total oxygen consumption in this experiment can be attributed 
vetate to the formation and oxidation of acetoacetate. Similarly calculated, the 
pspite | formation and oxidation of acetoacetate in the other five experiments of ~ 
enate | Table III account for from 22 to 33 per cent of the total oxygen consumed, 
1 not | and the proportion was not appreciably higher in the “fasted” than in the 
nor | “fed” liver. | 
genic = Ketogenesis in Intact Rat—During the 2 hour incubation period the 
high | “fed” liver slices produced about 40 um of acetoacetate and oxidized 20 to 
30 um per gm., dry weight, of tissue. If these results reflect the metabolism 
of the intact animal, we can calculate that, per 100 gm. of rat, 10 to 20 
| um of acetoacetate would be excreted into the blood stream every 2 hours, 
‘ields equivalent to 120 to 240 um per day. Since, according to data collected by 
hain —Stadie (3) the rate of ketone body utilization in various animals is of the 
lism order of 3000 um per 100 gm. per day, it is clear that these small amounts of 
fatty ketone bodies which would be normally excreted are far below the capacity 
then for their oxidation by extrahepatic tissues. Even after a 24 hour fast, 
idies according to Table III, the liver would be expected to be contributing 
oate about 80 um of ketone bodies per 2 hours per 100 gm. of rat, or about 
con- 1000umperday. This is still far below the rate of ketone body utilization 
opic _ of the intact animal. 
sub- These data are in good accord with the findings of Crandall et al. (7) 
ntly | who were the first and up to now the only investigators to report definite 
ural _ evidence for a low rate of formation of ketone bodies by liver under normal 
1 to dietary conditions. Using the angiostomy technique with dogs, they 
also observed appreciable excesses of ketone bodies in the blood leaving the 
liver over that entering via the portal vein only after fasts of 2 to 4 days. 
ajor They concluded from these results that there are two alternative pathways 
sion _— for fatty acid catabolism in liver: one involving ketone body formation, 
‘ing the other not involving ketogenesis. This view-point is in complete 
by agreement with our present interpretation, which envisions ketone body 
For production as a process which occurs under normal dietary conditions at 
gen a minimal rate because the acetyl groups of intermediary metabolism 
ate condense preferentially with oxalacetate to enter the citric acid cycle for 
complete oxidation. . Ketogenesis is assumed to come into full play only 
when the supply of oxalacetate is depleted to such an extent that the 
OF acetyl groups undergo self-condensation. We visualize the liver as the 
ate only organ contributing ketone bodies to the blood in ketosis. If we con- 
ate —_ sider kidney to represent the general metabolic behavior of extrahepatic 
tie =~ tissue, it can be assumed that any small amounts of extrahepatic ketone 
per —_ bodies will be rapidly and completely utilized by the cells in which they are 
produced. ‘The rates of production and utilization of ketone bodies under 
abnormal dietary conditions and in disease and vitamin deficiencies are 
sag now being studied, and the as yet unanswered questions of why even 


10 


carbon short chain fatty acids are ketogenic in slices and homogenates, | 
why pyruvate is ketogenic in homogenates, and why odd carbon short | 


ACETOACETATE TURNOVER IN LIVER 


“chain acids are not ketogenic are also under investigation. 


SUMMARY 


| 


The turnover of acetoacetate in rat liver and kidney and the effects of © 
fumarate and pyruvate thereon were studied. It was found that liver 
slices of normal, nourished rats produce acetoacetate at a low rate, and — 
that nearly all of the ketone bodies thus produced can be oxidized to CO,. 
On fasting 24 hours, acetoacetate production is increased and its oxidation | 
decreased ; however, under conditions of fasting and feeding the production — 
and oxidation of ketone bodies do not represent more than a minor pro- 
portion of the total oxygen consumption of the liver slices in vitro. 

In contrast with its action in homogenates of liver, pyruvate does not 


significantly increase acetoacetate production, and it is concluded that — 


pyruvate is not ketogenie in the intact, normal liver cell. 

It is concluded that ketogenesis is minimal in the normal liver and comes 
into play to a large extent only under diseased or abnormal dietary con- 
ditions. 
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BIOTIN SYNTHESIS BY LACTOBACILLUS CASEI 


By E. ANNE ANDREWS anv VIRGINIA R. WILLIAMS 


(From the Department of Agricultural Chemistry and Biochemistry, Louisiana Staie 
University, Baton Rouge, Louisiana) 


(Received for publication, June 8, 1951) 
Broquist and Snell (1) have recently noted that traces of biotin may be 


- found in cells of certain microorganisms grown on a medium containing 
oleic acid as a substitute for biotin. Williams and Fieger (2) had pre- 


viously reported no detectable biotin in cells of Lactobacillus casei grown 
on an oleic acid medium. Analyses by more sensitive techniques, in which 
extracts of greater concentration were employed, have in the last year 
led us to the same conclusion as that expressed by Broquist and Snell. 
Detectable amounts of biotin are present in the cells even when the oleic 
acid medium used contains 4 ml. of egg white per liter. 


EXPERIMENTAL 


Washed centrifuged cells, the corresponding supernatant medium, and 
uninoculated medium were each hydrolyzed in 2 n H,SO, for 2 hours at 
121°, neutralized with Ba(OH)., and filtered to remove BaSOQ,. Aliquots 
of these concentrated filtrates were assayed with Saccharomyces fragilis, 
which does not respond to oleic acid, and with L. casei. Data representa- 
tive of six such experiments are given in Table I. Assay of the superna- 
tant from the cells indicated about the same biotin content as the uninocu- 
lated medium, whereas the cells contain considerably more biotin. Since 
this biotin cannot have been concentrated from the medium, it is assumed 
to have arisen from synthesis. 

The higher values of biotin content for the supernatant and the uninocu- 
lated medium by S. fragilis assay, as compared with those by the L. casei 
assay, may be due to (a) the difficulty in correcting for colored substances 
present in the extracts being analyzed turbidimetrically, or (6) the inhibi- 
tory effect of the larger quantity of concentrate necessary in the L. casei 
tests, or (c) simply the greater sensitivity of the S. fragilis assay. 

SUMMARY 

Washed cells of Lactobacillus casei, harvested from 2 liters of oleic acid 
medium, were found to contain approximately 10 times as much biotin as 
2 liters of the corresponding uninoculated medium. Since the biotin can- 
not have been concentrated from the medium, it is assumed to have arisen 
from synthesis. 
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I 
Biotin Content of Cells, Supernatant, and Uninoculated Medium 


Turbidimetric assay by 
S. fragilis L. casei 
7 7 
1.8 X 2.7 X 10° 
Supernatant... 4.7 X 10" 0.0 
Uninoculated medium.... 2.2 X 0.0 
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THE COMBINATION OF LYSINE POLYPEPTIDES WITH 
TOBACCO MOSAIC VIRUS* 


By W. C. BURGER ann MARK A. STAHMANN 


(From the Department of Biochemistry, College of Agriculture, University of 
Wisconsin, Madison, Wisconsin) 


(Received for publication, April 16, 1951) 

The inhibition of tobacco mosaic virus infectivity by a synthetic lysine 
polypeptide has been reported by Stahmann ef al. (1). The speed of the 
inhibitory action and the ease with which it was reversed were similar to 
that reported for a number of proteins. These properties and the basic 
nature of the lysine polypeptides suggested that the polypeptide produced 
the inhibition by the formation of ionic bonds between the negatively 
charged virus particles and the positively charged polypeptide molecules. 
This paper reports results obtained from a continuation of these studies in 
which it has been shown that tobacco mosaic virus combines with lysine 
polypeptides to form precipitates containing both virus and polypeptides. 
In this respect the lysine polypeptides resemble clupeine (2), ribonuclease 
(3), and the virus-inhibiting protein from Phytolacca (4). The lysine poly- 
peptides combined with the virus only under conditions in which the two 
components carried opposite ionic charges. Electron micrographs revealed 
that this combination produced an aggregation of the virus particles. In- 
fectivity assays showed that the resulting inhibition of virus activity was 
an exponential function of polypeptide concentration and chain length. 


EXPERIMENTAL 


Methods and Materials—The synthetic polypeptides were prepared by 
the polymerization of e-carbobenzoxy-a-carboxyl-L-lysine anhydride as de- 
scribed by Becker and Stahmann (5). The number average molecular 
weights of the various L-lysine polypeptide preparations' were calculated 
from the a-amino nitrogen content of the carbobenzoxy polypeptides, as 
determined by the reaction with nitrous acid. The lysine polypeptides 
were in the form of the hydroiodide or hydrochloride salts. These prep- 
arations were dried to constant weight at 78° in vacuo and dissolved in 


* Published with the approval of the Director of the Wisconsin Agricultural Ex- 
periment Station and supported in part by grants from the Research Committee of 
the Graduate School from funds supplied by the Wisconsin Alumni Research Foun- 
dation. 

'The number average molecular weight of a lysine polypeptide represents the 
average number of amino acid residues per molecule of polypeptide and is referred 
to as the number of lysine units in the polypeptide chain. 
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distilled water, and the pH was adjusted with dilute sodium hydroxide 
or hydrochloric acid before the solutions were made to volume. 


The tobacco mosaic virus was prepared according to the method of © 


Stanley (6), diluted with distilled water, and the pH adjusted. 
Precipitations were carried out in 9 X 75 mm. test-tubes. The final 
volume of the precipitation mixtures was 2 ml. Polypeptide solutions 
were added to the virus solutions, and light transmission by the suspended 
precipitates was used as an index of the amount of precipitate formed. 
Readings were made on a Lumetron photoelectric colorimeter with a filter 


transmitting at 650 my. Distilled water was used for 100 per cent trans- | 


mission. 

Assays for tobacco mosaic virus activity were carried out by the local 
lesion method as described by Kuntz and Walker (7), with the exception 
that Nicotiana glutinosa X Nicotiana tabacum was used as the assay plant 
in preference to N. glutinosa because of the larger leaf area of the hybrid. 


Results 


Aggregation of Virus Particles—On mixing neutral solutions of tobacco 
mosaic virus and lysine polypeptides at concentrations higher than those 
used in previous studies on virus inhibition (1), it was discovered that 
white, mesomorphic precipitates immediately separated. The precipitates 
had very little virus activity as measured by production of local lesions. 
When examined with the light microscope, they appeared as entwined 
masses of long threads which were highly birefringent in polarized light. 
This suggested an orderly arrangement of the virus particles in the pre- 
cipitate. Electron microscope studies confirmed the occurrence of such 
an arrangement of the virus rods, even in mixtures of the polypeptide 
and virus in which no visible precipitate was formed. 

Fig. 1 shows the arrangement of virus particles produced in a solution 
containing 10 y of a 27 unit lysine polypeptide per ml. and 100 + of tobacco 
mosaic virus per ml. It should be emphasized that control mounts pre- 
pared from the virus preparation without the polypeptide showed a 
random distribution of unaggregated virus rods. In contrast, the mounts 
made from mixtures containing 10 y of the lysine polypeptide per ml. and 
100 y of tobacco mosaic virus showed most of the virus in aggregates 
similar to those in Fig. 1. The surface of the virus particles in the pres- 
ence of the polypeptide had a rough, beaded appearance, whereas the 
untreated virus particles appeared smooth. 

Fig. 2 shows the type of aggregation observed in mixtures containing 
50 y of the polypeptide per ml. and 10 y of virus per ml. This increase 
in ratio of polypeptide to virus resulted in the formation of smaller ag- 
gregates and in an increase in the roughness of the virus surface. No 
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visible precipitates were observed in the virus-polypeptide solutions used 
for the electron microscope studies. The aggregation and roughened sur- 
face appearance of the virus particles in the micrographs are interpreted 
as the result of a surface coating of polypeptide on the virus particles. 
Precipitation of Virus -The results obtained from a typical precipitation 


experiment in which the concentrations of both virus and polypeptide 


Fig. 1. Eleetron micrograph of aggregates of tobaceo mosaic virus particles from 
a solution containing 10 y of « 27 unit lysine polypeptide and 100 y of tobaceo mosaie 
virus per ml. showing typical aggregation eaused by the polypeptide. 44,000 x. 


were varied are shown in the data of Table I. In Table I are given (a) 
the percentage transmission values, ()) the component present in excess, 
and (¢) the per cent virus infectivity remaining unprecipitated. From 
this it can be seen that 440 y of the polypeptide per ml. caused complete 
precipitation of 6060 y of the virus. If the virus concentration was one- 
fourth this value (1520 y per ml.), the lowest polypeptide concentration 
that produced complete precipitation of the virus was reduced propor- 
tionally (110 y per ml). The virus activity was very low in the super- 
natant liquids from some of the precipitation mixtures in which relatively 
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little virus had been precipitated. These results and previous observa- 
tions (1) show that the virus infectivity is reduced before the virus is pre- 
cipitated. It should be noted that the supernatant liquids were diluted 
before assay, and, since the precipitation reaction is reversible, some of 
the virus-polypeptide complex remaining in the supernatant liquid after 


hii. 2. Electron micrograph of aggregates of tobace + mosaic virus particles pro- 
duced from a solution containing 50 5 of «a 27 unit lysine polypeptide and 10 5 of 
tobacco mosaic virus per ml. showing roughened surface of virus particles exnused by 
the polypeptide. 44,000 x. 


centrifugation probably would be dissociated. This would cause the per- 
centage infectivity values in Table [to be higher than the infectivity of 
the undiluted supernatant liquids. 

Similar experiments carried out in the presence of 2 per cent sodium 
chloride solution required approximately 4 times as much polypeptide to 
precipitate a given amount of virus as completely as was required in the 
absence of salt. The virus-polypeptide precipitates were also more soluble 
in 2 per cent sodium chloride than in water. 

The effects of pH upon the precipitation of the virus by the lysine poly- 
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peptide are presented in Table II. No precipitation occurs at pH 2. Pre- 
cipitation as measured by light transmission is essentially complete in the 
range pH 4 to 8, but is significantly reduced at pH 10. 

Inhibition of Virus Activity—-When the percentage inhibition of solu- 
tions containing tobacco mosaic virus and varying concentrations of a 90 
unit lysine polypeptide preparation (1) was plotted against the logarithm 


I 
Precipitation of Tobacco Mosaic Virus from Various Virus-Lysine Polypeptide 
Miztures at pH 6.0 
concentration “90 unit lysine polypeptide hydroiodide, per ml. 
0 6.9 
per ml. 

(a) 76 75 72 | 61 4 
6060 | ©) TMV TMV TMV TMV LP 
| © 100 74 ss 7 0 
=. 93 92 74 26 27 
1520 TMV #£=TMV TMV 0 LP 
@ | | 9S 3 3 
| @® 70 | Si: 
380 (6) | TMV | TMV | Ww 
| 100 | | | 1 
(a) 100 9 3 99 99 
96 (6) TMV 0 LP 
() | 100 0 12 | 


* Component present in excess was determined by adding 0.5 ml. aliquots of the 
clarified supernatant liquids to equal volumes of polypeptide solution containing 
SSO y per ml. and virus solution containing 12.1 mg. per ml., and noting which reagent 
caused precipitation. TMV = tobacco mosaic virus, LP = lysine polypeptide, and 
0 = no detectable excess. 

t The infectivity of the clarified supernatants was determined after diluting to 
a virus concentration of 12.5 y per ml., based on the total amount of virus originally 
present in the precipitation mixtures. 


of the polypeptide concentration, a straight line was obtained. Fig. 3 
shows that the virus inhibition is an exponential function of the concen- 
tration of the lysine polypeptide at concentrations below which pre- 
cipitation occurs. 

The effect of polypeptide chain length upon the virus-inhibitory activity 
of lysine polypeptides was studied with lysine polypeptide hydroiodides 
of 6, 27, and 90 lysine units, which were then available. Solutions con- 
taining 12.5 y of tobacco mosaic virus per ml. and concentrations of the 
three polypeptides of approximately 60, 240, 960, and 3850 y per ml. were 
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prepared and allowed to stand at room temperature for 2 hours before 
being assayed. No precipitates were obtained in these solutions because 
the virus concentration was below that necessary to produce a visible 


Taste Il 
Effect of pH on Amount of Tobacco Mosaic Virus-Polypeptide Precipitate Formed 


Per cent transmission at 


pH 2 pHs | pH 10 
7 per mi. | 

440 93 27 | 24 | 20 43 

110 92 26 25 | 24 70 

27 92 34 | 89 90 

6.9 92 78 ' 91 | 93 03 

0 92 92 | 93 | 93 ow 


1.52 me. of tobacco mosaic virus per ml. present in all tubes. 
* 90 unit lysine polypeptide hydroiodide. 
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LOG PEPTIDE CONCENTRATION 


Fic. 3. Effect of concentration of a 90 unit lysine polypeptide upon inhibition 
of tobacco mosaic virus activity. The percentage inhibition of the infectivity of 
solutions containing tobacco mosaic virus (12.6 y per ml.) and a 90 unit lysine poly- 
peptide hydroiodide preparation is plotted against the logarithm of the polypeptide 
concentration (y per ml.). 


precipitate. The number of local lesions obtained in several experiments 
of this type showed that the virus infectivity obtained at comparable 
concentrations of the three polypeptides is dependent upon the chain 
length of the polypeptides. Thus, whereas the percentage infectivity 
values obtained with the 90 unit polypeptide at the four concentrations 
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ranged from 4 to 52, the 27 unit values ranged from 10 to 63, and the 6 
unit values ranged from 22 to 74. By plotting the average of the infec- 
tivity obtained at all four concentrations of each of the three polypeptides 
against the logarithm of the average number of lysine residues in the three 
polypeptides, a straight line was obtained, as shown in Fig. 4. From this 
it appears that the virus-inhibitory activity of the lysine polypeptides is 
also an exponential function of the average number of lysine residues in 
the molecule. Thus, from the data presented in the two curves, it is 


60. 


T 


PERCENTAGE INFECTIVITY 
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i i 


1.0 1.5 
LOG NO. LYSINE RESIDUES 


Fia. 4. Effect of lysine polypeptide chain length upon inhibition of tobacco mo- 
saic virus infectivity. The average percentage infectivity of solutions containing 
tobacco mosaic virus (12.6 7 per ml.) and lysine polypeptide hydrochlorides of three 
different chain lengths (each tested at four different concentrations) is plotted 
against the logarithm of the chain lengths. 


evident that the amount of inhibition of virus infectivity is dependent 
upon both the concentration of the polypeptide and its chain length. 

Experiments were carried out to compare the 90 unit lysine polypeptide 
with protamine sulfate. The polypeptide was found to be more active 
than protamine both in precipitating the virus and in reducing its in- 
fectivity. 

The data of Table I show that the polypeptide is removed from the 
solution when the virus is precipitated. This indicates that a combination 
of the virus and the polypeptide is formed. To determine whether or not 
this combination is with the nucleic acid or protein portion of the nucleo- 
protein of tobacco mosaic virus, nucleic acid of tobacco mosaic virus was 
prepared by the heat treatment of Cohen and Stanley (8) and the alkali 
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treatment of Loring (9). Since both of these methods cause coagulation 
of the virus protein, it was not possible to investigate precipitation of the 
protein portion of the virus. White mesomorphic precipitates were ob- 
tained when solutions of lysine polypeptides were added to both nucleic 
acid preparations of the tobacco mosaic virus at pH 7.0. The amount of 
precipitate obtained, as measured by light transmission, was dependent 
upon the concentrations of the nucleic acid and the polypeptide. 

Effects of Lysine—To determine whether or not the free amino acid 
L-lysine would also combine with tobacco mosaic virus, experiments simi- 
lar to those described above for the polypeptides were carried out, except 
that the polypeptide was replaced by the free amino acid. When L-lysine 
was added to a solution of tobacco mosaic virus at concentrations equiva- 
lent to those at which the polypeptides showed almost complete inhibition 
of virus infectivity, no significant reduction in virus infectivity could be 
detected. Even when the lysine concentration was increased, no virus 
precipitation was noted and only small reductions in infectivity resulted. 
This reduction of virus infectivity by lysine is probably not significant, 
because many neutral salts and other simple compounds at high concen- 
trations produce similar slight reductions in the virus infectivity. The 
free amino acid lysine did not cause precipitation of tobacco mosaic virus 
from aqueous solutions, even though the concentration of the lysine was 
increased to as high as 92.7 mg. per ml., or approximately 61,000 times the 
concentration of the lysine poly peptides necessary to give a visible pre- 
cipitation of tobacco mosaic virus under the same conditions. 


DISCUSSION 


The precipitation of tobacco mosaic virus nucleoprotein by synthetic 
lysine polypeptides is similar in many respects to the combination between 
two proteins, and of proteins with nucleic acids. Kleczkowski (10) 
showed that a number of protein pairs combine to form precipitates if the 
pH is such that the proteins carry opposite charges. Such combina- 
tions result from the formation of ionic bonds between oppositely charged 
groups of the proteins. 

The speed of the precipitation and the effect of added salt are consistent 
with the hypothesis that the combination of tobacco mosaic virus and 
lysine polypeptides occurs as a result of a combination between oppositely 
charged ionic groups. Further evidence for this is indicated by the lack 
of precipitation of virus, or inhibition of infectivity, at pH 2 at which both 
virus and polypeptide carry a net positive charge. At pHl 4 or higher the 
components are oppositely charged and precipitation readily occurred. 

Since the number of local lesions produced by varying amounts of 


| 
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tobacco mosaic virus is an exponential function of the virus concentration 
(11), it appears that the exponential relationships shown in Figs. 3 and 4, 
relating polypeptide concentration and size, and virus inhibition, are the 
result of a direct combination of the polypeptide and the virus. 

The effects of the lysine polypeptides must involve more than just the 
neutralization of the negative charges on the virus particles, because the 
amino acid lysine, which also carries a positive charge, does not cause pre- 
cipitation at concentrations many thousand times that at which the lysine 
polypeptides completely precipitate the virus. This difference must be 
ascribed to the peptide chain which links together the positively charged 
lysine residues. Thus, whereas the lysine solutions consist of a uniform 
distribution of charged butylamino groups, the polypeptide solutions con- 
tain regions of very high ionic concentration in which the charged groups 
are held together by the polypeptide chain. This localized high concen- 
tration of charged groups of the polypeptide would favor the formation of 
many ionic bonds with the virus nucleoprotein. The distance separating 
the butylamino side chains of the polypeptide should be similar to that 
between charged groups of the virus nucleoprotein. This common spacing 
should further facilitate the formation of many ionic bonds between poly- 
peptide and virus. Although individual ionic bonds could dissociate, the 
probability that all the bonds with a single polypeptide molecule would be 
broken at the same instant is low; hence the polypeptide would continue 
to be held at the surface of the virus. 

The multipolar character of the polypeptides would permit a combina- 
tion of 1 polypeptide molecule with two virus particles, allowing a network 
type of structure to form. The alignment of the virus particles in the 
electron micrographs (Figs. 1 and 2) is consistent with the hypothesis 
that the polypeptide molecules are linking together the large virus par- 
ticles. The smaller virus aggregates formed in the presence of a large 
excess of the polypeptide suggest a reduction in the extent of bridging as a 
result of a saturation of negatively charged groups on the virus by the 


polypeptide. 
SUMMARY 


1. Synthetic lysine polypeptides were shown to combine with and to 
precipitate tobacco mosaic virus. No precipitation of virus was obtained 
with the free amino acid lysine. 

2. The inhibitory action of lysine polypeptides on tobacco mosaic virus 
infectivity was demonstrated to be a function of both the molecular weight 
of the polypeptide and its concentration. 

3. A hypothesis involving the formation of many ionic bonds between 


ion 
he 
»b- 
cic 
of 
cid 
pt | 
ine 
ion 
be | 
nt, 
he 
Is 
‘as 
he 
re- | 
tic 
en 
he 
“rit 
na 
ly 
ck 
rth 
he 
of 


22 POLYPEPTIDES AND TOBACCO MOSAIC VIRUS 


the virus and polypeptide, which leads to inhibition of infectivity and 
aggregation of the virus particles, i¢ proposed to explain the great dil- 
ference becween these effects of the amino acid and its olypeptides, 


We are indebted to Mr. Robert Becker and Mrs. Elaine Wood for the 
synthetic lysine polypeptides used in this study. We also wish to thank 
Dr. Paul Kaesberg for his collaboration in the electron microscope studies. 
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O SETI CONTPOSTTION OF FRESH AND COOKED 
BEEF CUTS* 
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(From the American Meat Inatitute Foundation, and the Department of Biochemistry, 
niversity of Chicago, Chicago, Illinois) 


(Received for publication, May 23, 1051) 


In previous reports (1, 2), data have been presented for the amounts of 
eighteen amino acids in fresh and cooked pork and lamb cuts. In the 
present study, the amounts of these eighteen amino acids in fresh and 
cooked beef cuts (choice and utility grades) have been determined. These 
studies have shown that the amino acid composition of the crude protein 
of beef cuts is very similar to that of pork and lamb cuts, that the amino 
acids are essentially stable to cooking, and that no consistent differences 
were observed in the amino acid content of the crude protein of choice 
grade beef as compared to utility grade beef. In addition, the amino acids 
determined account for an average of 87.6 per cent of the total nitrogen 
of the beef cuts. Preliminary data for the amount of certain of the amino 
acids in these beef cuts have been reported (3). 


EXPERIMENTAL 


The microbiological methods used, composition of the media, and sample 
preparation have been described previously (1, 2). These media were 
modifications of the media (4-7) used in earlier phases of the investigation. 
Leucine, valine, isoleucine, and phenylalanine were determined with Lacto- 
bacillus arabinosus 17-5 as the test organism, phenylalanine with Lacto- 
bacillus delbrueckii LD5, arginine, histidine, tryptophan, and threonine 
with Streptococcus faecalis R, lysine, glutamic acid, tyrosine, proline, aspar- 
tic acid, glycine, serine, and cystine with Leuconostoc mesenteroides P-60, 
alanine with Leuconostoc citrovorum 8081 (8) and Lactobacillus leichmannii 
327 (9). Comparative analyses for proline were conducted with Lacto- 
bacillus brevis 8287 (10) and more than one test organism was also used 
for the determination of several of the other amino acids in beef cuts as 
indicated previously for pork and lamb cuts (1, 2). 

Methionine was determined colorimetrically (11) as well as microbio- 


* Journal Paper No. 36, American Meat Institute Foundation. We are indebted 
to Dr. C. M. Lyman and associates, Agricultural and Mechanical College of Texas, 
for the tryptophan analyses, and to Jean Gilbert, C. G. Sidwell, Barbara T. Guth- 
neck, and Barbara A. Bennett for assistance in these studies. 

t Present address, Department of Chemistry, Utah State Agricultural College, 
Logan, Utah. 
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logically, and cystine was determined by the modified Sullivan method 
(12) and microbiologically. In the present paper, the values obtained by 
the chemical method are presented and, because of variability in the data 
obtained by various methods for determining cystine in meats (2), only 
tentative values for cystine are presented. 


I 
Amino Acid Composition of Fresh and Cooked Beef Cuts 


The values for protein, ether extract, and moisture are expressed as the per- 
centage in the moist meat and the values for the amino acids are expressed as the 
percentage in the crude protein (N X 6.25). 


Choice fresh cuts 
Chuck. 14. 13}4.13)4. 7.01/8.1 .31/2.44)1.13 
13.01/44 1/9 .23)5.75)5.07 4.03)6.61 .53/2.25)1.06 
Neck. 13.5413 78. $1/4.05}4. .02 
14.13 .49)5 485.2714. 18)}4.02/7 .17)3.: 83/2.40)1.14 
Rump 3 .98)6.14)5.11 85/6. 54 19)2.14}1 .06 
Average | ails 16) 06 

Choice cooked cuts 
Flank. .. .58)3 .39,7 .62)2. 28/1 .06 
Neck. . .126.11/21.4 -0'7 .68)5.44 
Plate... . 16.21)44.537.68. 154.943. 2.21/1.16 
. 20.54/38.6/40.9 64 946 42/2. 87/8. 15)2.76)1.16 
Rump...... 4.57 71/2. 8517 95/2. 551.07 


The beef cuts used in these studies were obtained from two choice and 
two utility beef carcasses. The cuts used in the cooking tests were braised 
according to the method described in “Meat and meat cookery” (13). 
The cuts were placed in Dutch ovens on racks in a large oven with revolv- 
ing shelves. The oven temperature varied from 82-—118°, and the cooking 
time from 310 to 390 minutes. Homogeneous samples of the fresh cuts 
and those used in the cooking tests were taken for proximate analyses. 
The remainder of the samples was then partially dried and defatted, and 
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proximate analyses made. Amino acids were determined on hydrolysates 
prepared from these samples after suitable neutralization and dilution (1). 
Tryptophan was determined after alkaline hydrolysis with cysteine added 
(14). The amino acid composition of the crude protein and of the moist 
meat was calculated. The data for the percentage of each amino acid in 
the crude protein (N X 6.25) are presented in Tables Ito IV. The proxi- 


Il 
Amino Acid Composition of Fresh and Cooked Beef Cuts* 


Utility fresh cuts 
Chuck. 
Flank | 14.1231 23.833. 8811.00 
Neck 10.0510. 910.1 37/4. 204 086. 92:2.95|8. 79/2. 1810.99 
Plate... .. 41/5. 503.108. 92:2. 1811.06 
Rib a 39 08'6.203.11| (2.06.14 
Rump ... 454.1 85/6. 53/3 .07|7 97/2. 271.00 
cocked cuts 

Flank... 97\5. 324.374 85/2. 201.02 
Neck. . 30.96/12.0.58 5. 71/5 144. 

Rib 23. 23/28. 4148. 352.708. 29)2. 
Rump 24.91/20.844 4 48.845. 355 1738. 743.596 74)2.93'7. 87/2. 3911.33 

* See Table I 


mate composition of these cuts before drying or defatting is also indicated, 
and the percentage of each amino acid in the fresh or cooked cuts can be 
calculated by multiplying the percentage of each amino acid in the pro- 
tein by the protein percentage and dividing by 100. Approximate data 
were obtained for alanine, and these studies indicated that fresh or cooked 
beef cuts contain close to 6.4 per cent alanine in the crude protein. 

These data show that the amino acid composition of the crude protem 
of different cuts of choice beef is similar to that of utility beef, and, further 
that the amino acid composition of the protein of the cooked meat is simi- 
lar to that for the uncooked meat. These findings indicate the average 
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amino acid composition of the muscle proteins is quite uniform and that 
the amino acids are stable to cooking. The latter finding was confirmed 
by comparing the total amount of each amino acid in the entire cut before 
and after cooking. The maximum reduction in the amino acid content 
of the crude protein attributable to cooking averaged 10 per cent for both 
choice and utility cuts for isoleucine, histidine, and serine. These results 


Taste III 
Amino Acid Content of Beef Cuts* 
Choice fresh cuts 
Chuck . 14.5 8.78 3.09 5.13 6.26 4.34 1.2 
Flank. 8.82 3.19 5.85 7.06 4.17 1.4 
Neck. 14.9 8.73 3.36 5.59 7.75 4.04 1.4 
Plate. 15.4 8.85 3.51 6.12 8.57 4.08 1.4 
Rib. . 15.3 | 8.84 | 3.17 | 5.41 | 7.00 | 3.79 
Rump 14.3 |,8.80 | 3.63 | 5.44 | 7.39 | 3.80 | 1.4 
Average | 14.88 | 8.80 | 3.33 | 5.59 | 7.34 | 4.04 | 1.4 
Choice cooked cuts 
Chuck 13.2 8.09 2.94 4.67 6.20 3.47 1.3 
Flank | 13.1 7.86 2.86 5.51 6.84 3.04 1.3 
Neck . 14.2 9.08 3.02 5.37 7.30 3.81 1.4 
Plate 8.54 3.19 4.96 6.65 3.66 1.2 
ee 13.8 9.24 2.97 5.12 6.37 3.55 1.4 
Rump ._.... 13.8 8.42 3.12 5.05 6.36 3.21 1.3 
Aweregs.....0.00+- 13.62 | 8.54 | 3.02 | 5.11 | 6.62 | 3.46 | 1.3 
* See Table I. 


are consistent with those obtained for the same amino acids in pork and 
lamb cuts (1). The results obtained on the amounts of certain of these 
amino acids in beef have been reported from other laboratories (4, 5, 15-19). 

It is of interest to point out that the percentage of each amino acid in 
the fresh meat was higher for the utility cuts than for the corresponding 
choice cuts. This was expected, since the crude protein content of the 
utility cuts was higher, with a corresponding decrease in fat content as 
compared to the choice cuts. 

The percentage of the total nitrogen accounted for by the eighteen 
amino acids determined in the choice and utility beef cuts was calculated. 
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The composite data for the twenty-four beef muscle cuts averaged 87.6 
per cent of the total nitrogen accounted for by the eighteen amino acids 
determined. This figure approximates the values of 85.1 and 84.9 per 
cent obtained for lamb and pork cuts and 86 and 91 per cent observed for 
rat liver of the total nitrogen contributed by eighteen amino acids deter- 
mined by similar methods (1, 2, 20). 


Taste IV 
Amino Acid Content of Beef Cuts* 
Sample | | | Proline | Glycine | Sern Cystine 
Utility fresh cuts 
cad 14.3 9.08 | 3.31 | 5.04 6.37 | 3.91 | 1.4 
Flank. . 8.51 | 3.28 | 6.43 | 7.98 | 3.97 | 1.4 
Neck. .. 15.1 | 8.58 | 3.33 | 5.96 | 7.62 | 4.07 | 1.5 
Plate... 16.1 | 9.24 3.51 | 5.53 | 8.09 | 4.21 | 1.5 
Rib... 9.08 | 3.62 5.02 6.68 3.87 | 1.3 
Rump 13.7 | 8.74 3.42 | 5.98 | 7.02 | 3.84 | 1.4 
Average........... 8.87 3.41 | 5.56 | 7.29 3.98 | 14 
Utility cooked cu 
Chuek.. ' 13.9 | 9.32 | 3.28 5.66 | 7.60 3.68 | 1.4 
Flank. . | 14.1 8.87 | 3.16 5.57 | 8.36 | 3.76 1.4 
Neck... 8.95 | 3.02 5.37 | 7.78 | 3.41 | 1.3 
Plate. . 14.5 | 8.92 | 3.16 4.92 6.10 | 3.52 | 1.3 
Rib... 7.98 | 3.35 5.03 6.56 | 3.52 | 1.3 
Rump. | | 3.14 | 6.53 | 3.75 18 
Averagp. . 4.13; 8.78 | 3.19 | 5.33 7.17 | 3.61 | 18 
* See Table I 
SUMMARY 


The amounts of eighteen amino acids in six different cuts of fresh and 
cooked choice and utility grades of beef were determined. The percentages 
of these amino acids in the crude protein of the different cuts and grades 
of beef were similar. The amounts of the amino acids in the cuts of utility 
beef were higher than in the choice cuts, owing to the higher percentage 
of protein and associated lower content of fat in the utility cuts. The 
amino acids were found to be stable to cooking. 

Approximately 88 per cent of the total nitrogen was accounted for by 
the nitrogen from the eighteen amino acids determined in these samples. 
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PEPTIC HYDROLYSIS OF EGG ALBUMIN 


II. MOLECULAR WEIGHT DISTRIBUTION OF PEPTIDES 


By BYRON T. CURRIE* ann HENRY B. BULL 
(From the Department of Chemistry, Northwestern University Medical School, 
Chicago, Illinois) 
(Received for publication, May 31, 1951) 


In a previous paper (1) we reported studies on the kinetics of the peptic 
hydrolysis of egg albumin. We wish to report in the present paper the 
influence of the time of hydrolysis, the amount of pepsin, the pH of the 
hydrolysate, and the temperature at which the reaction is conducted on 
the molecular weight distribution of the peptides produced by the action 
of pepsin on egg albumin. It has been found that all these factors, with 
the exception of the time of hydrolysis, have profound effects on the mo- 
lecular weight distribution of the peptides. These results, along with 
related material and a discussion of the problem, are presented. 


EXPERIMENTAL 


The estimation of the molecular weight distribution of peptides by the 
spread monolayer technique has been previously described (2). It con- 
sists, in outline, of measuring the film pressure in the low pressure region 
as a function of the area of the film of spread peptides. The film pressures 
are multiplied by the corresponding film areas and these products plotted 
against the corresponding film pressures. The straight lines resulting are 
extrapolated to zero film pressure and the intercept on the area-pressure 
axis yields the molecular weight of the peptides in the film. The peptide 
films are then compressed to progressively higher pressures and after each 
compression expanded and the molecular weight of the film is measured 
in the low pressure region (at film pressures below 1 dyne per cm.). Pep- 
tides are displaced from the film at higher film pressures and the higher 
the pressure the greater is the molecular weight of the peptides displaced. 

The molecular weight distribution of the peptides in the hydrolysates 
is calculated from a plot of the number of moles of peptide remaining on 
the surface after each compression against the weight of the peptides re- 
maining in the film. The reciprocal of the slope of this curve at any point 
is equal to the molecular weight of the peptides being displaced from the 
film. These molecular weights are then plotted against the corresponding 
weight per cent of the peptides in the hydrolysate to yield the molecular 
weight distribution of the peptides. 


* Present address, Medical Division, Army Chemical Center, Maryland. 
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The substrate solution upon which the hydrolysates were spread con- 
tained 5 per cent by weight ammonium sulfate dissolved in water and 2 
per cent by volume of glycerol. These reagents were exhaustively pu- 
rified. The Wilhelmy balance consisted of two No. 00 microscope cover- 
glasses held parallel to each other and dipping vertically into the 
ammonium sulfate solution. The microscope cover-glasses were sus- 
pended from the arm of a chainomatic analytical balance with an optical 
lever attached to register the deflection of the balance. 

The crystalline pepsin was obtained from Armour and Company and 
used without further purification. The egg albumin was recrystallized 
twice from fresh hen’s eggs with sodium sulfate. 

The technique for the preparation of the hydrolysates was essentially 
as previously described (1). The protein solutions were adjusted to the 
desired pH by the cautious addition of dilute hydrochloric acid. The pH 
of the hydrolysates was followed with a glass electrode and maintained at 
the desired value by passing gaseous hydrochloric acid into the reaction 
mixture as needed. The temperature of the reaction mixtures was main- 
tained at 30° and the initial concentration of egg albumin was 5 per cent 
unless otherwise stated. The molecular weight distributions were made 
on the hydrolysates after the removal of the intact protein. The intact 
protein was removed by adjusting the hydrolysates to pH 5.0 with an 
acetate buffer and bringing the solutions to boil on a glycerol bath. The 
solutions were cooled, made to volume, and filtered. The peptide ni- 
trogen in the filtrates was measured by the micro-Kjeldah! method, and, 
after appropriate dilutions, the peptide solutions were spread on the am- 
monium sulfate solution and the molecular weight distribution of the 
peptides measured. 

In order to calculate the number average molecular weight of the pep- 
tides remaining on the surface of the ammonium sulfate solution after 
peptide spreading, it is necessary to know the weight of the peptides in 
the film. The only information which can be used for this purpose is the 
area of the gaseous peptide film. This area is obtained from the slope of 
the line when the product of the film pressure and the total area of the 
film is plotted against the film pressure. Our previous method for deter- 
mining the weight-area equivalency of the gaseous film of peptides was an 
indirect one (2). The ratio of the gaseous area of the peptides to the 
corresponding areas occupied by the peptides compressed to 5 dynes per 
cm. was measured for a great many films after compression to 5 dynes 
per cm. for 5 minutes, followed by expansion and the measurement of the 
gaseous area. The weight of peptide per unit area at 5 dynes per cm. was 
then assumed to be the same as that of a spread film of egg albumin com- 
pressed to 5 dynes per cm. Knowing the weight-area equivalency of egg 
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albumin at 5 dynes per cm., we then calculated the weight-area equiva- 
lency of the gaseous films of peptide. It was concluded that 1 sq.m. of 
gaseous area contained 1.04 mg. of peptide. 

We have now devised a more direct method for arriving at the weight- 
area equivalency of peptides which is as follows: The protein was removed 
from a peptic hydrolysate by isoelectric heat coagulation and the filtrate 
was treated with trichloroacetic acid. The concentration of trichloro- 
acetic acid in the filtrate was 6.5 per cent. The precipitated peptides 
were separated by centrifugation and reprecipitated several times with 
trichloroacetic acid. The final precipitate yielded a preparation of pep- 
tide of high average molecular weight which was relatively free of peptides 
of low molecular weight (see Fig. 1). It was assumed that all of the pep- 
tides were of sufficiently high molecular weight to remain on the surface 
and thus the weight-area equivalency of the peptides in the gaseous film 
was obtained directly. The value calculated by this method was 1.02 
mg. of peptide per sq.m. of gaseous film, which can be considered as in 
good agreement with our previous result obtained by the more indirect 
method, and probably no large error is involved in the estimation of the 
weight of the peptides in the spread film from the area of the gaseous film. 

Fig. 1 shows a plot of the molecular weight distribution of the peptides 
obtained from a peptic hydrolysate before and after fractionation with 
trichloroacetic acid. 

As a preliminary to a study of the molecular weight distribution by 
the spread monolayer technique, the moles of amino groups produced per 
mole of egg albumin attacked by the pepsin were measured as a function 
of time of hydrolysis at various pH values. The nitrogen content of the 
filtrates from the isoelectric heat coagulation was expressed in terms of 
protein digested and assumed to represent the protein which has been 
attacked by the pepsin. The increase in amino nitrogen was measured 
with the Van Slyke amino nitrogen method. The moles of amino groups 
thus measured were plotted against the moles of egg albumin digested. 
As well as could be judged, these plots were linear at all pH values studied. 
There is, however, during the early part of each reaction uncertainty re- 
garding the accuracy of the amino nitrogen determinations, since the 
amount of amino nitrogen available for measurement is not large. It is, 
accordingly, not wise to extrapolate the ratios of the moles of amino 
groups to the moles of protein to zero time. Table I shows the ratio of 
moles of amino groups produced per mole of egg albumin digested during 
that portion of the reaction in which there is no question of the linearity 
of the relation (the molecular weight of egg albumin was assumed to be 
45,000). Also included is the number average molecular weight of the 
peptides calculated from the amino nitrogen values. No proline correc- 
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tion has been applied; such a correction, if it could be applied, would tend 
to decrease the average molecular weight of the peptides. 
There appears to be no question but that the pH at which digestion is 


MOL.WT.IN THOUSANDS 


56 5 0 
wT.% PEPTIDES 
Fic. 1. Molecular weight distribution of peptides produced by the action of 60 
mg. of pepsin per 100 cc. of 10 per cent egg albumin at pH 2.1 and at 30° for 3 hours. 
Curve 1, before trichloroacetic acid fractionation; Curve 2, after trichloroacetic 
acid fractionation. 


Taste | 
Ratio of Moles of Amino Groups Produced Per Mole of Egg Albumin Digested by Pepsin 
As Function of pH of Hydrolysis 
The average molecular weight of the peptides calculated therefrom is also in- | 
cluded. 
pH Moles NH: per mole egg albumin Average mol. wt. of peptides 
1.7 44 1020 
2.0 44 1020 
2.25 | 43 1040 
2.50 | 79 570 
| 78 


bonds hydrolyzed per mole of protein attacked. 

The influence of the length of time of hydrolysis on the molecular weight 
distribution of the peptides produced was studied. These hydrolyses were 
conducted at pH 1.7 for varying times. The molecular weight distribu- 
tion of the peptides for each time of hydrolysis has been calculated, and 


the weight of the peptides whose molecular weight was from 0 to 2000 — 
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and from 2000 to 10,000 and above 10,000 expressed as percentages of the 
total weight of peptides in the hydrolysates. These percentages are shown 
as a function of the time of hydrolysis in Fig. 2. Evidently, under the 
conditions of the experiment, time of hydrolysis has little influence on the 
molecular weight distribution of the peptides. This conclusion is con- 
sistent with the linear relation between the amino group increase and 
the egg albumin digested and discussed above. 

It has been found that the amount of pepsin used has a pronounced 
effect on the molecular weight distribution of the peptides. Fig. 3 shows 
the molecular weight distribution of the peptides after a 2 hour hydrolysis 


g 


WT.% PEPTIDES 


MINUTES 


Fic. 2. Per cent composition of the hydrolysates at pH 1.7 as a function of time 
of hydrolysis. 30 mg. of pepsin per 100 cc. Curve 1, mol. wt. 0 to 2000; Curve 2, 
mol. wt. 2000 to 10,000; Curve 3, mol. wt. above 10,000. 


at pH 1.5. One of the hydrolysates was produced with | mg. of pepsin, 
whereas the other resulted from the action of 30 mg. of pepsin per 100 ce. 

It is possible to characterize the molecular sizes of the peptides in a 
very simple manner. If the peptides are spread and compressed at 5 
dynes for 5 minutes, those remaining on the surface will have molecular 
weights in excess of about 2000, whereas those peptides with molecular 
weights less than this will be displaced from the surface. This simple 
technique has been used to characterize many of our hydrolysates and 
has proved very useful. Fig. 4 shows the percentage of the peptides re- 
maining in the film after compression of the films for 5 minutes at a pres- 
sure of 5 dynes per cm. plotted as a function of the mg. of pepsin per 100 
ec. of the hydrolysates. ‘These hydrolyses were conducted at pH 2.0. 

It is evident from Figs. 3 and 4 that the smaller the concentration of 
pepsin the greater is the amount of high molecular weight peptides pro- 
duced by the action of pepsin on egg albumin. 

The results shown in Table I indicate that the pH at which the diges- 
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Fic. 3. Molecular weight distribution of peptides at 30° and at pil 1.5. Curve 
1, results with 1 mg. of pepsin per 100 cc.; Curve 2, results with 30 mg. of pepsin per 
100 ec. 
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Fic. 4. Per cent of weight of peptides remaining on the surface after compression 
of films to 5 dynes per em. pressure for 5 minutes as a function of the mg. of pepsin 
per 100 ec. of hydrolysates at pH 2.0. 2 hour hydrolysis. 

Fic. 5. Per cent of the peptides remaining on the surface after compression at 
5 dynes per em. for 5 minutes as a function of the pH of the hydrolysis. 2 hour 
hydrolysis and 15 mg. of pepsin per 100 cc. 
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tions are conducted should have a pronounced influence on the molecular 
weights of the peptides in the hydrolysates. Fig. 5 gives the weight per- 
centage of the peptides in the hydrolysates which remain on the surface of 
the ammonium sulfate after compression at 5 dynes per cm. for 5 minutes. 
These results are consistent with those shown in Table I. 


Taste Il 
Results of Experiments Reported in Fig. 6 
Temperature, time, and extent of digestion. 


Temperature Time Digestion 
c. hrs per cent 
10 25 10.9 
20 7.5 11.3 
35 1.0 20.9 
40 0.55 34.8 
0.16 31.8 
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TEMPERATURE 


Fic. 6. Per cent of weight of peptides remaining on the surface of ammonium 
sulfate solution after compression at 5 dynes per cm. for 5 minutes as a function of 


temperature of hydrolysis. pH 2.0, 15 mg. of pepsin per 100 ce. 


The influence of the temperature at which the hydrolyses are conducted 
has also been investigated. Owing to the fact that the rates of hydrolyses 
vary so greatly as a function of temperature, it was not possible to main- 
tain constant times of hydrolysis. Table II shows the temperature, time, 
and extent of digestion at pH 2.0. These solutions contained 15 mg. of 
pepsin per 100 cc. 

Fig. 6 shows a plot of the per cent of the weight of the peptides remain- 
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ing on the surface after compression at 5 dynes per cm. for 5 minutes as a 
function of the temperature of hydrolysis. 


According to the results obtained (see especially Figs. 1 and 3), the 
peptides resulting from the peptic hydrolysis of egg albumin can be 
roughly divided into two large fractions according to their molecular 
weights. One of these fractions has peptides with molecular weights of 
about 2000 and less; the other fraction consists of peptides of molecular 
weights in excess of 30,000. There exists a smaller fraction with peptides 
of intermediate weight. 

The conditions which favor the accumulation of low molecular weight 
peptides at the expense of those of high molecular weight are (1) pH values 
in excess of about 2, (2) lower temperatures, and (3) larger amounts of 
pepsin. The conditions which favor the accumulation of high molecular 
weight peptides are (1) lower pH values, (2) higher temperatures, and (3) 
smaller amounts of pepsin. 

The publications of Tiselius and Eriksson-Quensel (3), Moring-Claes- 
son (4), and Desnuelle, Rovery, and Bonjour (5) on the peptic hydrolysis 
of egg albumin seem to indicate an all or none attack of pepsin on egg 
albumin and to favor the so called explosion theory of the hydrolysis. 
All of these workers used experimental conditions which would be expected 
to have given rise to low molecular weight peptides with little production 
of high molecular weight peptides. 

Relevant to the explosion theory of hydrolysis is the finding that the 
weight distribution of the peptides depends on the amount of pepsin used 
(Figs. 3 and 4). If the egg albumin molecule underwent an energy chain 
reaction after a single activation reaction by pepsin, then the molecular 
weight distribution of the peptides should, at least during the early part 
of the reaction, be independent of the concentration of pepsin. The pres- 
ent results thus appear to be inconsistent with the explosion theory of 
hydrolysis. 

Comparison of the molecular weight distribution of the peptides from 
the peptic hydrolysis with those obtained from the partial hydrolysis of 
egg albumin by hydrochloric acid (2) reveals a remarkable similarity in 
distribution. On the other hand, neither of these distributions resembles 
that obtained from a partial hydrolysate of egg albumin by barium hy- 
droxide (6). Of peculiar interest is the accumulation of peptides of 
molecular weights in excess of about 30,000 in both peptic and acid hy- 
drolysates. Our results (see Fig. 1) indicate that these peptides have a 
fairly narrow molecular weight range (about 32,000). It would appear 
that a fragment is hydrolyzed from the parent molecule, leaving the high 
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molecular weight peptide. It is not understood why this high molecular 
weight peptide cannot be heat-coagulated, nor is it understood why there 
is no evidence in the molecular weight distributions of smaller fragments 
whose molecular weight should be in the neighborhood of 12,000. It 
seems improbable that our high molecular weight peptide bears any direct 
relation to the plakalbumin of Linderstrém-Lang and Ottesen (7), since 
the molecular weight of plakalbumin is only slightly less than that of the 
albumin itself (8). 

Interestingly, the results shown in Fig. 4 seem to indicate that at very 
low pepsin concentrations the per cent of the high molecular weight pep- 
tides appears to approach that which would be predicted on the basis of 
the ratio of the peptide molecular weight to the molecular weight of egg 
albumin, i.e. about 70 per cent. This would indicate that in the limit 
every egg albumin molecule attacked by pepsin is attacked initially in 
the same way. 

It would appear that the findings reported in this paper can be under- 
stood as a result of a competition between the intact egg albumin and the 
peptides for the pepsin. In accord with our kinetic studies and also with 
the suggestion of Linderstrg@m-Lang (9) it would appear that before the 
egg albumin can be digested by pepsin it must undergo an activation 
which must involve a large part of the egg albumin molecule and cannot 
be confined to the activation of a single peptide bond without a major 
alteration in the egg albumin molecule. This process of activation can 
be regarded as a form of denaturation. The production of this activated 
form is favored by low pH and high temperature. These are the condi- 
tions which lead to rapid hydrolysis of egg albumin by pepsin without a 
corresponding increase in the rate of hydrolysis of the peptides and, ac- 
cordingly, to an accumulation of high molecular weight peptides. We 
have found (Mr. Norman Trieff) that even at pH 5 pepsin will digest the 
peptides produced from egg albumin by the action of pepsin at pH 2.0. 
At pH 3.5 and higher the action of pepsin on egg albumin itself is negli- 
gible. Pepsin tends to act as a proteinase at low pH and as a peptidase 
at higher pH values. 

The results of Desnuelle ef al. (5) indicate that pepsin hydrolyzes a 
great many different peptide bonds in egg albumin, and, as far as we have 
gone in identifying the peptides hydrolyzed by pepsin (with Victor H. 
Baptist), we are in complete agreement with these results. Our findings 
indicate that pepsin shows hardly more preference in respect to the pep- 
tide bonds hydrolyzed than does acid. 


This investigation was supported by a research grant from the National 
Institutes of Health, United States Public Health Service. 
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SUMMARY 


1. The molecular weight distribution of the peptides resulting from the 
peptic hydrolysis of egg albumin has been measured with the spread mono- 
layer technique as a function of the time, the pH, and the temperature of 
hydrolysis, and of the amount of pepsin. 

2. It has been found that the peptides can be roughly divided into two 
large fractions which are those with molecular weights less than 2000 
and those with molecular weights in excess of 30,000. There exists a 
smaller fraction with intermediate molecular weights. 

3. The conditions which favor the accumulation of low molecular weight 
peptides at the expense of those of high molecular weight are (1) pH values 
in excess of about 2.0, (2) lower temperatures, and (3) larger amounts of 


pepsin. 
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SOME STUDIES ON THE METABOLISM OF GLYCEROL-1-C* 


By ALBERT P. DOERSCHUK 
(From the Department of Chemistry, Columbia University, New York, New York) 


(Received for publication, May 17, 1951) 


The literature presents much evidence bearing on the fact that glycerol 
can play réles of importance in living processes, not only in the combined 
state in such physiologically important molecules structurally related to 
glycerol as glycerides, lecithins, cephalins, phosphatidic acids, ethers, and 
plasmalogens, but also in the uncombined state as free glycerol. Glycerol 
itself has been identified both as a product resulting from living processes 
(1) and as a reactant for further biological transformations. Fermentation 
processes are known that convert it into a variety of products such as 
trimethylene glycol (2), acrolein (3), p-mannitol (4), kojic acid (5), butanol 
(6), succinic acid (7), dihydroxyacetone (8), and carbon dioxide and water 
(9). Glycerol has been shown to be readily absorbable through the intes- 
tinal tract (10), phosphorylation probably playing a réle (11, 12), and evi- 
dence is in the literature supporting its conversion into glycogen (13), 
blood sugar (14), and blood lactic acid (15). Recent evidence has been 
presented for the existence of small concentrations of free glycerol in the 
liver tissue of the rat (16). 

We are reporting studies carried out in the intact, normal white rat on 
the metabolism of glycerol-1-C™ to obtain quantitative information on the 
fate of the primary alcohol groups. 


EXPERIMENTAL 


The glycerol-1-C"™, synthesized by the addition of HC“N to hydroxy- 
acetaldehyde, followed by hydrolysis, esterification, acetylation, and re- 
duction (17), had a specific radioactivity of 1.60 < 10’ ¢.p.m. per mM. 
The animals used were male albino rats of the Wistar strain, kept on a 
diet of evaporated milk for 2 weeks prior to the metabolic studies. Single 
doses of 26.3 mg. (4.57 X 10° ¢.p.m.) and 33.0 mg. (5.74 X 10® ¢.p.m.) 
of glycerol-1-C™ dissolved in 0.42 and 0.54 ml. of aqueous solution, re- 
spectively, were given intraperitoneally to animals weighing 385 gm. 
(Animal A) and 343 gm. (Animal B) respectively. Each rat was placed 
immediately after the injection in a metabolism train allowing collection 
of feces and periodic collection of urine and respiratory carbon dioxide 
(18, 19) and was maintained there until the end of the experiment. The 

* This investigation was supported in part by grants from the Nutrition Foun- 
dation, Inc., and the United States Public Health Service. 
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animal in the metabolism train was permitted access to condensed milk 
and water ad libitum. 24 hours after the injection, the rat was stunned 
by a blow at the base of the brain, decapitated, and exsanguinated. 
The liver was removed immediately, weighed, and ground with a weighed 
quantity of clean sand. An aliquot of approximately one-third was 
weighed and used immediately for the isolation of liver glycogen by a 
combination of the potassium hydroxide digestion-alcohol precipitation 
methods of Stetten and Boxer (20) and of Good ef al. (21). Aliquots were 
converted to barium carbonate by the wet combustion procedure of Linden- 
baum ef al. (22). The remaining liver tissue was extracted three times 
at reflux temperature with 15 ml. portions of 95 per cent ethanol and 
three times at reflux temperature with 15 ml. portions of a mixture of 2 
parts of absolute ethyl ether to 1 part of absolute ethanol. The solvent 
was removed from the combined extracts in vacuo at 40°. The residue 
was extracted by refluxing twice with 25 ml. portions of petroleum ether; 
the solvent was removed from the combined extracts in vacuo at 40°. 
60 ml. of acetone were added with stirring and the acetone-insoluble lipides 
removed by centrifugation. They were emulsified with water, precipitated 
with 6 n hydrochloric acid, centrifuged, and hydrolyzed for 40 minutes 
at reflux temperature with 6 N hydrochloric acid. The resulting glycero- 
phosphoric acid, freed from fatty acids by cold filtration and from serine 
by cold, alcoholic precipitation, was precipitated first as the lead salt and 
finally, after regeneration with hydrogen sulfide, as the barium salt from 
a water-alcohol solution brought to pH 10 by the addition of saturated 
barium hydroxide solution (procedure of Folch (23)). Aliquots were 
converted to barium carbonate by the wet. combustion procedure of Lind- 
enbaum et al. (22). The solvent was removed from the acetone-soluble 
lipide solution in vacuo at 40° and the residue hydrolyzed 30 minutes at 
reflux temperature with potassium hydroxide in 1:1 aleohol-water. Most 
of the alcohol was removed under nitrogen and the mixture was acidified 
with hydrochloric acid. Fatty acids and unsaponifiable material were 
removed by two extractions each with ethyl ether and chloroform; the 
aqueous phase was made alkaline with sodium hydroxide and treated with 
benzoyl! chloride (24). The resulting glycerol tribenzoate was purified by 
three recrystallizations from ligroin; the white, crystalline product melted 
at 72° (25) and gave no melting point depression with a sample of authentic 
glycerol tribenzoate. 20 mg. samples of glycerol tribenzoate were weighed 
into Lindenbaum combustion tubes, hydrolyzed 30 minutes at reflux tem- 
perature under nitrogen with potassium hydroxide in 1:1 aldehyde-free 
alcohol and water, acidified with hydrochloric acid, extracted with ethyl 
ether, evaporated to dryness in vacuo over phosphorus pentoxide, and con- 
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verted to barium carbonate by ‘the wet combustion procedure of Linden- 
baum et al. (22). 

The carcass was separated from the bones, cut into small pieces, ground 
in a meat grinder, and extracted for lipides as described for liver tissue. 
Barium glycerophosphate was isolated from the acetone-insoluble lipides 
of the carcass and glycerol tribenzoate from the acetone-soluble lipides as 
described for liver tissue. The carcass residue was dissolved by 50 per 
cent aqueous sodium hydroxide at 100°; aliquots were evaporated to dry- 
ness and converted to barium carbonate by the procedure of Lindenbaum 
et al. (22). Any radioactivity present was below the threshold of detec- 
tion; the same result was obtained for the bones. 


aa 


% OF C DOSE AS RESPIRATORY 


20 “ANIMAL B 
0 6 12 18 24 
TIME IN HOURS 


Fic. 1. Elimination of CO; in the respiratory gases 


Aliquots of urine and feces, previously dried for 7 days in vacuo over 
sulfuric acid and ground to a fine powder, were converted to barium car- 
bonate by the procedure of Lindenbaum ef al. (22). The urinary oxalate 
was isolated by means of the addition of a weighed quantity of non-radio- 
active carrier (26) and was converted to barium carbonate by acid per- 
manganate. 

A third animal, in a preliminary experiment at the beginning of the 
study, received approximately one-third the amount of glycerol-1-C™ given 
to the animals recorded here; the curve for respiratory C“O, elimination 
was, within the limits of the precision of the measurement, the same as 
those recorded here but the radioactivity incorporation into some of the 
tissue lipides resulting from this smaller dose was not large enough for 
accurate measurement and the data for the animal are not presented here. 

The respiratory carbon dioxide, absorbed during the operation of the 
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metabolism train in 2.5 n sodium hydroxide, was precipitated with barium 
chloride as barium carbonate by the procedure of Mackenzie et al. (18). 

All radioactivities were determined as barium carbonate, collected as 
disks on filter paper mounts (18) with the filtration apparatus of Henriques 
et al. (27). 


TaB.e I 
Distribution of Radioactivity 24 Hours after Intraperitoneal Administration of 
Glycerol-1-C' 
Per cent of dose 
AnimalA Animal B 
Respiratory CO; 80 81 
Urinary oxalate.......... 4.2 x 10° 4.0 X 10°° 
Feces . cae 1.5 0.95 
Careass lipides 
Glycerol of acetone-soluble lipides*............. 2.3 1.8 
Glycerophosphoric acid of acetone-insoluble 
lipides 
Glycerol of acetone-soluble lipides*. . 0.31 0.16 
Glycerophosphoric acid of acetone-insoluble 
96.8 96.0 


* Calculated from the specific radioactivity of the glycerol tribenzoate and the 
weight of acetone-soluble lipide on the basis of 2.1 per cent unsaponifiable material 
in the acetone-soluble lipide of carcass and 18 per cent unsaponifiable material in 
the acetone-soluble lipide of liver and a fatty acid mean molecular weight of 274 
(corresponding to a triglyceride mean molecular weight of 860 (28, 29)). 

t Calculated from the specific radioactivity of the glycerophosphoric acid and 
the weight of acetone-insoluble lipide on the basis of a phospholipide composition 
of 52 per cent lecithin and 40 per cent cephalin and a fatty acid mean molecular 
weight of 274 (corresponding to a lecithin molecular weight of 787 and a cephalin 
molecular weight of 727, the cephalin nitrogenous base being taken to be entirely 
ethanolamine (29)). 


RESULTS AND DISCUSSION 


The course of the excretion of CO, into the expired gases is given in 
Fig. 1. The extent of the appearance of radiocarbon through the several 
excretory routes and the extent of incorporation of radiocarbon in vivo 
into several pure metabolites are given in Table I, while the concentration 
of radioactivity found in these metabolites referred back to the concentra- 
tion of radioactivity in the administered glycerol on a per mole basis is 
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given in Table II. An accounting was made for 96 per cent of the ad- 
ministered radioactivity. 

The rapid rate and extensive degree of excretion of C“O, into the respir- 
atory gases and the incorporation into liver glycogen suggest that the main 
route of metabolism of the glycerol consists of phosphorylation and oxida- 
tion to p-3-phosphoglyceraldehyde or dihydroxyacetone phosphate, or 
both, which is then oxidized to carbon dioxide and water by way of pyru- 
vate and the aerobic phase of the carbohydrate metabolic scheme and 
converted to glycogen by way of the anaerobic phase of the carbohydrate 
metabolic scheme. 

The data show that the organism is able to convert radiocarbon ad- 
ministered as glycerol-1-C™ into the glycerol portion of glycerides and the 


II 
Dilution of Radioactivity 24 Hours after Intraperitoneal Administration of 
Glycerol-1-C™ 
Radioacti mu of (a) 
(e) tered. glycerol 
Animal A Animal B 

Glycerol of acetone-soluble carcass lipides...._... 16 10 
Glycerophosphoric acid of acetone-insoluble cares 

Glycerol of acetone-soluble liver lipides........... 200 150 
Glycerophosphoric acid of acetone-insoluble liver 

Liver glycogen (6-carbon unit). . 190 470 


glycerophosphoric acid portion of lecithins and cephalins, transformations 
that are significant in the mechanisms of lipide absorption, transport, 
and synthesis. 


Measurements have been made of the extent to which radiocarbon ad- 
ministered as glycerol-1-C“ to a normal, intact, male white rat of the 
Wistar strain appears in the respiratory carbon dioxide, the glycerol of 
the acetone-soluble lipides of the liver and of the carcass, the glycerophos- 
phoric acid of the acetone-insoluble lipides of the liver and of the carcass, 
the total liver, the liver glycogen, the urine, the urinary oxalate, and the 
feces. An accounting was made for 96 per cent of the administered radio- 
activity. 


7 The author wishes to express his appreciation to Miss Barbara P. Brown 


for technical assistance. 
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SPECTROPHOTOMETRIC MEASUREMENT OF 
TRANSAMINATION REACTIONS* 


By P. 8. CAMMARATA anv PHILIP P. COHEN 


(From the Laboratory of Physiological Chemistry, University of Wisconsin, Madison, 
Wisconsin) 


(Received for publication, March 30, 1951) 


In a previous publication (1) from this laboratory, it was demonstrated 
that the transamination of amino acids to a-ketoglutaric acid is a reaction 
of wide scope. Although the data reported in the earlier paper permitted 
the computation of Q transaminase values, these values were of limited 
quantitative significance since no attempt was made to study the kinetics 
of these reaction systems, the emphasis being placed on the determination 
of the scope and validity of the reaction. It therefore seemed important 
to secure kinetic data in order to permit proper evaluation of the réle of 
these enzymes in metabolic systems. Because some of the transaminases 
in crude extracts appeared very weak, and because of the limits of ac- 
curacy of the manometric method employed in the earlier study (1), a 
sensitive, accurate method of assay was required. Green, Leloir, and 
Nocito (2) originally suggested a possible method for the spectrophoto- 
metric assay of transaminase activity. A procedure, employing this 
principle, as well as some rates of transamination determined by its use, 
is presented here. 


Methods and Procedures 


Enzyme Preparations—Tissue extracts of pig heart, liver, and kidney 
and rat liver were prepared as previously described (1) with the exception 
that the extracts were dialyzed for 12 hours against 0.01 m phosphate 
buffer, pH 7.4, and then used immediately without lyophilizing, as in the 
earlier work. 

The source of L-amino acid oxidase was lyophilized venom of Agkistro- 
don piscivorus (Cottonmouth moccasin) obtained from Ross Allen’s Rep- 
tile Institute, Silver Springs, Florida. The material was used as obtained. 

Powdered catalase No. 30, a purified, highly active preparation ob- 
tained from the Armour Laboratories, was used as the source of the 
catalase. 

Substrates—a-Ketoglutaric acid was prepared as described earlier (1), 


* Aided in part by grants from the Wisconsin Alumni Research Foundation and 
the Rockefeller Foundation. 


45 


| | 

| 
nd 
2 | 
| 
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while oxalacetic acid was prepared according to the method of Heidel- 
berger and Hurlbert (3). | 

a-Keto-8-hydroxyphenylpropionic acid and a-keto-8-phenylpropionic 
acid were generously donated by Dr. A. Meister of the National Cancer 
Institute. 

Amino acids were used as supplied by the manufacturer without further 
purification. 

Coenzyme—An aqueous solution of pyridoxal phosphate, as the calcium 
salt, was employed in all rate studies. We are indebted to Dr. W. W. 
Umbreit of the Merck Institute for Therapeutic Research for a generous 
supply of pyridoxal phosphate. 

Preparation, Isolation, and Characterization of a-Keto Acids—a-Keto 
acids were prepared from the corresponding L-amino acids under optimum 
conditions, described by Zeller (4), as follows: To a 50 ml. shaker bottle 
were added 5 ml. of L-amino acid solution (20 um per ml.) and 0.1 ml. of 
catalase solution (20 mg. per ml.). After adding 3.5 ml. of venom solu- 
tion (2 mg. per ml.) the bottle was placed in an incubator bath at 38°, 
and the reaction was allowed to proceed for 24 hours. The bottles were 
shaken constantly during this period and air was used as the gas phase. 
All solutions were prepared with m/15 phosphate buffer, pH 7.4. 

At the end of the incubation period 2 ml. of Nn HCI and 10 ml. of satu- 
rated NaCl solution were added to the reaction vessels. The flask con- 
tents were then poured into a continuous extraction apparatus and the 
a-keto acids extracted with ether which had previously been freed of per- 
oxide. The ether was removed from the extracts by vacuum distillation, 
the residue dissolved in distilled water, and an aliquot withdrawn for 
a-keto acid assay, as described below. To 1 part of the remainder was 
added 1 part of 0.1 m phosphate buffer, pH 7.4, and an absorption spec- 
trum of the keto acid was taken in the ultraviolet region in the Beckman 
spectrophotometer, over the range 250 to 320 mp. The observed optical 
density was divided by the micromolar concentration to obtain k. A 
ninhydrin determination of amino acid was made on each solution to 
insure that no amino acid had been extracted. 

The a-keto acid content of each aqueous solution was determined by a 
manometric modification of the method of Fromageot and Desnuelle (5). 
In this method advantage is taken of the quantitative oxidative decar- 
boxylation shown by a-keto acids when treated with an acid solution of 
ceric sulfate. An acidified solution of the aqueous a-keto acid was placed 
in the main well of the Warburg vessels, and 0.1 m ceric sulfate dissolved 
in 1 Nn sulfuric acid was added to the side arm. The flasks were equili- 
brated at 38°, tipped, and the evolved CO, read 15 minutes later. Both 
a-ketoglutaric acid and pyruvie acid gave the theoretical gas evolution 
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when treated in this manner. Phosphate ion is to be avoided in this 
assay, since insoluble ceric phosphate is formed. Amino acids treated in 
the above manner were leucine, isoleucine, methionine, tryptophan, tyro- 
sine, phenylalanine. 

The a-keto acids prepared enzymatically were not isolated and further 
characterized, owing to the small quantities involved. The possibility 
thus exists that ether-soluble impurities from the incubation mixture could 
contribute to the extinction values and as a consequence give erroneous 
micromolar extinction coefficients. In two instances it was possible to 
compare the extinction values of the enzymatically prepared a-keto acids 
and synthetic samples. In the case of p-hydroxyphenylpyruvic acid the 
values of the two preparations were found to be in close agreement. In 
the case of phenylpyruvic acid, the enzymatic preparation was found to . 
have a micromolar extinction coefficient 2.5 times that of a synthetic 
sample. While it is possible that in other instances the micromolar ex- 
tinction values for the enzymatically prepared a-keto acids may not 
represent true values, for purposes of the present report they are useful in 
demonstrating the extension of the spectrophotometric method to systems 
in addition to that of glutamic-oxalacetic acid. 

Assay Conditions—To the quartz cell of a Beckman spectrophotometer 
were added 1 ml. of tissue extract (generally about 1 mg. per ml. of pro- 
tein, depending on the wave-length setting) and 1 ml. of pyridoxal phos- 
phate solution (30 7 per ml.). The mixture was incubated for 20 minutes 
at 38°, and then 1 ml. of amino acid solution (20 um per ml. with respect 
to the L form) was added. This mixture was further incubated for 10 
minutes at 38°, after which 0.2 ml. of a-ketoglutaric acid solution (100 
uM per ml.) was added. All solutions were prepared in 0.05 m phosphate 
buffer, pH 7.4. As blanks, complete systems in which the amino acid 
and the a-keto acid, respectively, were omitted were routinely employed. 
It is important that these blanks be run simultaneously with the test 
system in order to detect any change in absorption due to the presence of 
an L-amino acid oxidase, or a change in absorption due to protein dena- 
turation or precipitation, and consequent opacity. In the case of an un- 
stable a-keto acid such as oxalacetic acid, an additional blank containing 
coenzyme, amino acid, boiled enzyme, and oxalacetic acid must be run 
in order to determine the rate of non-enzymatic decarboxylation of the 
keto acid. It will be found, in most cases, that these blank corrections 
are not significant. Assays involving phenylalanine, tyrosine, and trypto- 
phan were made at 300 my, while those with asparatic acid were at 280 my. 

For these kinetic studies, the Beckman model DU spectrophotometer 
was equipped with a water jacket through which water from a constant 
temperature bath was pumped. External temperature fluctuations were 
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minimized by taking readings in a room whose temperature was rela- 
tively stable. Temperature fluctuations never exceeded +0.03° during the 
course of an assay. 

Calculations—Density readings were taken every 3 minutes for 30 min- 
utes and plotted against time. The best straight line was drawn through 
the points, and the value of dD/dt, the rate of change of optical density 
with time, was determined from the slope of the curve. 

In a generalized transamination system the following reaction will occur. 


(1) O NH; NH, O 
R,—C—COH + R,—-C—COH R:—C—CO,H + R,;—C—COH 
H H 


(C2) (C3) (C,) 
If we start with (C;) = (C2), then at any time 
(2) (Cs) = 
and also 
(3) (Ci) = (Cy — Cs) = (C2) 


where (C9) is the original concentration of (C). 
The optical density of such a generalized transamination system can 
be represented by Equation 4. 


(4) D = + + + + K(C) 


where k,, ks, k3, and ky are the micromolar extinction coefficients of the 
substances whose concentrations are given by (C1), (C2), (C3), and (C4). 
(C) represents the sum of concentrations of all constant components such 
as protein, coenzyme, buffer ions, etc., and AK represents the sum of the 
extinction coefficients of these substances. It is to be noted that the 
appearance of a transitory enzyme-substrate complex with a characteristic 
extinction coefficient would not interfere with this treatment, since kinetic 
data are taken only during the steady state period when the concentration 
of the complex is a constant. Because the concentration of this complex 
is constant during this period, it can be grouped with the constant term 
K(C). 

If in Equation 4 we substitute the values of (C,), (C2), and (C,) obtained 
from Equations 2 and 3, an equation is obtained which on grouping and 
transposition of terms simplifies to 


D (Coky + ke) K(C) 


(5) (C, (ky + ky — ky — ke) (hg + ky — ky — (hy + hy — ky 
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On taking the derivative of this equation with respect to time, we obtain 
(6) d(C;)/dt = dD/dt X 1/(ks + ka — hi — ke) 


The values of the extinction coefficients are taken from the absorption 
curve of the substance concerned, while the value of dD/dt is obtained as 
described above. The resulting rate of formation of (C;) when multiplied 


MICROMOLAR EXTINCTION COEFFICIENT 


260 280 300 


WAVELENGTH (my) 

Fic. 1. Micromolar extinction coefficients. Absorption measured in 0.05 m phos- 
phate buffer, pH 7.4. Depth of cell, 1 em. Curve 1, a-keto-8-hydroxypheny|- 
propionic acid; Curve 2, tyrosine; Curve 3, oxalacetic acid; Curve 4, a-keto-3- 
phenylpropionic acid; Curve 5, phenylalanine; Curve 6, pyruvie acid; Curve 7, 
a-ketoglutaric acid. Methionine, glycine, alanine, aspartic acid, isoleucine, leucine, 
and glyoxylic acid were found to have no significant absorption in the range 250 to 
310 my. The addition of glutamic acid or aspartic acid was without influence on 
the absorption of a-ketoglutarie acid. 


by 22.4, divided by the protein concentration, and placed on an hour 
basis vields the Q transamination value (6). 


Results 


Fig. 1 presents the micromolar extinction curves of some amino acids 
and a-keto acids. It is obvious from these curves that the transamination 
of aspartic acid, tyrosine, and phenylalanine to a-ketoglutaric acid can 
easily be followed by observing an increase in density. From the spectro- 
photometric data obtained with leucine, isoleucine, alanine, glycine, 
methionine, and glutamic acid, not shown in Fig. 1, it is possible to study 
transamination of these amino acids with oxalacetic acid by observing a 
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decrease in density, or, in the case of tryptophan, tyrosine, and phenyl- 
alanine, by observing an increase in density. An application of the latter 
two modes of study to the problem of the existence of an oxalacetic-amino 
acid transaminase, as well as the kinetics of the glutamic-oxalacetic trans- 
aminase system, will be presented in subsequent publications. Although 
other absorption curves indicate that assays for transamination of leucine, 
isoleucine, alanine, and methionine to a-ketoglutaric acid are possible, 
it was found that the density differences, over a range of 5 per cent sub- 


OPTICAL DENSITY 
8 


20 
TIME (MINUTES) 

Fic. 2. Spectrophotometric assay for transaminases showing typical time-density 
curves. Assay conditions as described in the text. Curve 1, tyrosine + a-keto- 
glutaric acid (300 mg); Curve 2, phenylalanine + a-ketoglutaric acid (300 my); 
Curve 3, tryptophan + a-ketoglutarie acid (300 my); Curve 4, aspartic acid + a- 
ketoglutaric acid (280 mg). Enzyme preparation, dialyzed aqueous extract of 
pig heart. 
strate utilization, are too slight to permit observation of significant 
changes. 

Fig. 2 presents typical time-density curves obtained during the study 
of the transamination of four amino acids to a-ketoglutaric acid. It is 
evident that the linearity requirements of a rate study are met in all cases. 
A calculation of the change of concentration in the interval studied reveals 
that a second requirement of a rate study, the determination of the rate 
during the initial part of the reaction, has been met. 

Values of the rates of transamination of two amino acids to a-keto- 
glutaric acid in four tissue extracts are presented in Table I. Similar 
studies with phenylalanine and tryptophan on the same tissue preparations 
revealed insignificant rates of transamination for liver and kidney, with Q 
transaminase values of the order of 7 and 10, respectively, with heart 
muscle. 
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Tyrosine, in rat liver, as shown by the data of Table I, is converted to a 
p-hydroxyphenylpyruvic acid by two routes. The first route is by trans- 
amination, while the second is by a rather potent tyrosine oxidase. This 
oxidase seems to be completely absent from the liver of the pig. The Q 
value assigned to the oxidase is only a tentative one, since no attempt was 


made to insure adequate oxygenation of the system. 


Tasie I 
Rate of Transamination of Aspartic Acid and Tyrosine 

Pig heart Pigkidney | Pig liver | Rat liver 

Substrates ‘ Q Q ‘ Q | Q 

Ketegiutarie + ‘11568 | 13.2 i206 10.4 233 

acid 

Aspartic acid 0 0.0 0 0 0 0 0 
a-Ketoglutaric + tyrosine 0.085 1.9 0.031 0.70 0.021 0.475 1.14 25.6° 
Tyrosine 0 0 | 0.014 (0.31) 0 0 (21.7)¢ 


The reaction systems contained 20 um of L-amino acid, 20 um of a-ketoglutaric 
acid, 30 y of pyridoxal phosphate, tissue extract, and 0.05 m phosphate buffer, pH 
7.4, in a total volume of 3.2 ml. Temperature of system, 38°. Rates reported in 
terms of micromoles per mg. of dry weight of enzyme extract per hour (dC/dt X mg.), 
and in terms of microliters of substrate per mg. of dry weight of enzyme extract per 
hour (Q transaminase). 

* Calculated after deducting values obtained with the system in the absence of 
a-ketoglutaric acid. 


t This value represents rate of Se acid formation by tyro- 
sine oxidation rather than transamination 


As was pointed out in an earlier discussion (1), the major difficulty in 
the study of transaminating systems has been the lack of sensitive, specific 
methods. The glutamic decarboxylase method presented earlier (1), while 
possessing a high degree of specificity, suffers from a relatively low order 
of sensitivity. The present method, although possessing a lower order of 
specificity than an enzymatic assay, is accurate and very sensitive to small 
changes in concentration of the substrates. From experiments not re- 
ported here, it has been found that duplicate determinations generally 
agree within 5 parts in 1000. Thus it is evident that reproducibility of 
the method is satisfactory. 

With regard to the observed rates of transamination, not much can be 
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said at this time, since many more data will have to be assembled before a 
complete evaluation can be made. 

The apparently low values for certain of the transaminase systems in all 
probability indicates an incomplete extraction under the conditions em- 
ployed. Unpublished studies in this laboratory have shown that washed 
residues of a variety of tissues have considerable transaminase activity 
for a large number of different amino acids. Thus the total activity in 
the cell for a given transaminase system may be considerably higher than 
that indicated for the simple water-extracted systems. Hird and Rowsell 
(7) have recently reported that the insoluble particle fraction of rat liver 
homogenates is active in transaminating tyrosine, phenylalanine, and 
tryptophan in the presence of a-ketoglutaric acid. Conditions for more 
complete extraction of the different transaminases are at present under 
investigation. 


The authors wish to express their appreciation to Miss Helen E. Ross 
for her valuable assistance in certain phases of this investigation. 


1. A spectrophotometric method for studying the kinetics of trans- 
aminase systems has been presented. 

2. The existence of a tyrosine oxidase in rat liver has been demonstrated 
and a tentative Q value is reported. 
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FRACTIONATION AND PROPERTIES OF GLUTAMIC- 
OXALACETIC TRANSAMINASE* 


By P. 8S. CAMMARATA anv PHILIP P. COHEN 
(From the Laboratory of Physiological Chemistry, University of Wisconsin, Madison, 


Wisconsin) 
(Received for publication, March 30, 1951) 


Because of the general nature of the transamination reaction (1, 2), a 
study of the kinetics and mechanism of reaction seemed of interest. Pre- 
liminary studies of this nature have already appeared (3-5). However, 
these studies were carried out with crude extracts or resolved enzyme 


systems. 

In order to conduct a critical kinetic study as well as a study of the 
mechanism of reaction, large amounts of a highly purified unresolved 
transaminase were required. Several fractionation schemes for the puri- 
fication of the glutamic-oxalacetic transaminase have already appeared 
(6-8), but all of these methods utilized ammonium sulfate in the fractiona- 
tion procedure and yielded a partially or completely resolved product in 
low yield. The low temperature alcohol fractionation (9, 10), so success- 
ful in plasma protein fractionation, appeared to offer some advantages 
over the ammonium sulfate technique. The following describes the prep- 
aration of a highly purified, unresolved glutamic-oxalacetic transaminase 


and presents some properties of the enzyme. 
Methods and Procedures 


Specificity Assay Procedure—The decarboxylase method described earlier 
(1) was employed. 

Fractionation Assay Procedure—The spectrophotometric method, de- 
scribed by us in detail in the preceding publication (11), was routinely 
employed to follow the progress of the fractionation. Despite the in- 
stability of oxalacetic acid, observation of its disappearance was the assay 
of choice, because it was felt that only in this way could the non-enzymatic 
disappearance of oxalacetic acid be taken into account. 

We have arbitrarily defined as 1 enzyme unit that amount of enzyme 
which will give a dD/dt = 0.001 optical density unit (D) per minute (¢) at 
25° when substrate concentrations are 3.12 um per ml. and the coenzyme 
concentration is 10 y per ml. Rigorous adherence to these arbitrary 
concentration levels is required. Synthetic pyridoxal phosphate was rou- 

* Aided in part by grants from the Wisconsin Alumni Research Foundation and 
the Rockefeller Foundation. 
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tinely employed in all assays. The preincubation conditions specified by 
O’Kane and Gunsalus (8) were observed. 

Physical M ethods—Electrophoretic analyses were carried out on 1 per 
cent protein solutions in barbiturate buffer at pH 8.6 and phosphate buffer 
at pH 7.4, ionic strength 0.1, at a constant potential gradient of approxi- 
mately 6.3 volts percm. The duration of the experiments was 2} hours. 

The sedimentation velocity experiment was kindly performed by Dr. 
Sam Sorof, of this department, using a Specialized Instruments Corpora- 
tion ultracentrifuge. The protein concentration was 0.63 per cent. Sedi- 
mentation was conducted in 0.15 m NaCl-0.01 m phosphate buffer mixture, 
pH 7.4, at 59,413 r.p.m., or 258,000 x g. 

Preparation of Resolved Enzyme—The method of O’Kane and Gunsalus 
(8) was followed in all details. 

Preparation of Unresolved Enzyme—aAll operations described below were 
carried out in a constant low temperature box. In all cases an alcohol- 
water mixture, whose freezing point was 3° below the desired temperature 
range, was used as a liquid bath to surround the flask in which precipita- 
tions were made. Centrifugation was carried out in a refrigerated cen- 
trifuge. 

The essentials of the low temperature alcohol fractionation technique, 
i.e. rigid control of pH, temperature, ionic strength, protein concentration, 
and alcohol concentration, were observed. Care was taken to add the 
95 per cent alcohol dropwise or in a fine spray to avoid excess local con- 
centration. Before addition, the alcohol was cooled to the temperature 
of a dry ice-alcohol slurry. All measurements of pH and alcohol volume 
were made at 25°. The alcohol concentrations were computed on a vol- 
ume basis, and it was assumed that volumes of alcohol and protein solu- 
tions were additive. All protein solutions were made on a dry weight per 
volume basis. All precipitates indicated in Diagram 1 were lyophilized 
prior to the step following. Before precipitation, the protein solution 
was immersed in an alcohol-water bath and stirred until the first ice crys- 
tals appeared. Alcohol was then added at a rate such that the drop in 
temperature paralleled the addition. The precipitates were then equi- 
librated with the solution for half an hour and were centrifuged at the 
temperature of the liquid bath, with the angle head attachment. Explicit 
experimental conditions are contained in Diagram 1. 

Results 


Yield and Stability of Glutamic-Oralacetic Transaminase—As the result 
of a number of fractionation experiments with extracts of pig heart muscle 
for the purpose of recovering glutamic-oxalacetic transaminase, the pro- 
cedure shown in Diagram 1 was evolved, in which the yield and activity 
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data are also included. The procedure results in the recovery of approxi- 
mately 0.5 gm. of enzyme, of a pink to brick-red color, starting with 1000 
gm. of wet heart tissue. This represents a recovery of approximately 4 
per cent of the H,O-extracted protein of heart muscle. Since the original 


Diagram 1. Fractionation of Glutamic-Ozalacetic Transaminase 
1 kilo of fresh, chilled, minced pig heart muscle suspended in 2 liters of distilled 
water (chilled to 3°); extract with mild stirring for 4 hours, at 3° (activity of extract 
= 350 units per mg. of protein); filter through cheese-cloth and centrifuge the filtrate 
at 4000 r.p.m.; adjust the pH of the supernatant fluid to 5.9 with 0.1 m acetic acid; 
chill to 0°; add 95 per cent ethanol to a final concentration of 30 per cent; tempera- 
ture, 0° to —6°. 


Ppt. AFT-I Solution 
Activity, 36 units per mg. (49% Add acetic acid to pH 5.4; add 95% ethanol to 
of total protein) final concentration of 50%; temperature, —6° to 
—12° 
Solution Ppt. AFT-II 
(discard) Activity, 1000 units per mg. (30% of total protein) 


Suspend in water at protein concentration of 0.5% 
(weight by volume); adjust pH to 5.3 
Ppt. WFT-insoluble Solution 
Adjust to pH 7.5 with 0.1 m NaHCO,; add 95% 
ethanol to final concentration of 20%; tempera- 
ture, 0° to —5° 
Ppt. WFT-I Se ution 
Activity, 472 units per mg. Adjust to pH 5.4; add 95% ethanol to final concen- 
tration of 40%; temperature, —5° to —12° 
Solution Ppt. WFT-II 
(diseard) © Activity, 2400 units per mg. (30% of AFT-II) 
Suspend WFT-II in H,O at protein concentration 
of 0.5% (weight by volume); add 95% ethanol to 
final concentration of 30%; temperature, 0° to 


—6° 
Ppt. Solution 
(diseard) Add 95% ethanol to final concentration of 50%; 
temperature, —6° to —14° 
Solution Ppt., unresolved enzyme 
(diseard) Activity, 5000 units per mg. (50% of WFT-II) 


extract contained 9.9 X 10* enzyme units, this also represents a recovery 
of 25 per cent of the original activity of the extract. 

The lyophilized enzyme retained most of its activity for a 2 to 3 week 
period, but then declined rather rapidly over a 3 week period until it 
reached an activity one-fifth that of the original. It has remained at 
this level of activity for a period of 6 months. The enzyme had been 
stored dry, at 4°, and under a vacuum except for short periods when sam- 
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ples were withdrawn. We can offer no explanation for this decline in 
activity, nor have we been able to reverse it. 

Specificity of Enzyme—In view of the large number of transaminating 
enzymes which have been shown to exist in mammalian tissue, it seemed 
of interest to determine the enzymatic “purity” of the preparation ob- 
tained by the above procedure. A month-old preparation at a level of 
10 mg. of protein per ml. was employed, while the assay was conducted by 
the decarboxylase method previously described (1). The following amino 
acids, leucine, isoleucine, tyrosine, methionine, tryptophan, arginine, cys- 
teine, glycine, ornithine, valine, phenylalanine, asparagine, a-amino-n- 
butyric acid, a-aminoisobutyric acid, a-aminoadipic acid,' and glutamine, 
showed no ability to transaminate to a-ketoglutaric acid in the presence 
of the enzyme. The failure of glutamine to be active is of interest in 
view of the report by Meister and Tice (12) that in rat liver glutamine is 
capable of acting as an amino donor to several a-keto acids. Alanine 
showed a slight effect, however, 1 um of glutamic acid being formed in an 
hour. Since 20 um of alanine were used, this represents a 5 per cent 
conversion 


Ultracentrifugal and Electrophoretic Studies of Resolved and Unresolved | 


Enzymes—Fig. 1 represents a tracing of the velocity sedimentation photo- 
graph of the unresolved enzyme determined under the conditions described 


above. It is evident from the width of the band that the protein is es- | 


sentially homogenous with respect to the number of components present, 
as determined by the existence of only one peak. The average sedimenta- 
tion constant, S20.., determined over seven intervals was 4.71 S. 

Lack of homogeneity is evident, however, from inspection of the elec- 


trophoretic pattern of the unresolved enzyme (Fig. 2). It is apparent — 
that the enzyme preparation is composed of three major components. — 


Since the electrophoretic pattern was lacking for the corresponding re- 
solved enzyme, it seemed of interest to secure such data for the sake of 


comparison. The pattern of the latter, prepared by rigid adherence to | 


the conditions outlined by O’Kane and Gunsalus (8), is presented in Fig. 2. 
The similarity of the two preparations, obtained by such radically different 
methods, is striking. The similarity is made even more evident by the 
data of Table I which presents the mobility as well as the percentage com- 
position of each component. 


In their original isolation of the glutamic-oxalacetic transaminase, Green — 
et al. (6) found three major components in the electrophoretic analysis © 


of their preparation. These components were separated, and activity was 
found to be associated with the leading two components. This analysis 
was conducted in phosphate buffer, and, in view of the ability of phos- 


! We wish to thank Dr. H. Borsook for a generous supply of this material. 
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phate ion to form a complex with proteins (13), it seemed desirable to 
perform similar experiments with phosphate and barbiturate buffers. 
After first ascertaining that barbiturate had no detrimental effect on the 


Fic. 1. Tracings of velocity sedimentation photographs. Exposure 1 taken 3 
minutes after full speed was attained; Exposure 2, 42 minutes, Exposure 3, 74 min- 
utes, and Exposure 4, 106 minutes after full speed was attained. Speed 59,413 
r.p.m.; bar angle 50° for first two exposures, and 30° for remainder; protein con- 
centration 0.63 per cent; temperature of rotor, 24.8-25.5°. 


€ 


I 
(A) 
0 
Fic. 2. Electrophoretic patterns of resolved enzyme (Components A-I, A-II, 
A-III) and unresolved (Components H-1, H-II, enzyme. Barbiturate buf- 


fer, pH 8.6; ionic strength 0.1. Current 15 ma. Duration of experiment, 150 
minutes. 


enzymes, the resolved and unresolved enzymes were subjected to elec- 
trophoresis in both buffers and the components separated. The results 
obtained in phosphate buffer, pH 7.4, were identical with those reported 
by Green et al.; 1.e., activity was found in both the leading and middle 
components. However, with the use of barbiturate buffer, pH 8.6, no 
activity was found associated with the leadmg component. Instead there 
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was noted a slight shift in the relative percentage composition of these the 
components, and all enzymatic activity was found associated with Com- 
ponent II. Thus the glutamic-oxalacetic transaminase activity is associ- a 
ated with only one molecular species rather than with two, as suggested ~ 
by Green et al. In view of the fact that only one of the three components 
had activity associated with it, an additional purification of at least 3-fold T 
is still possible by employing electrophoretic separation. allo 

Effect of Pyridoxal Phosphate on Resolved and Unresolved Enzyme—FEx- 
perimental support for the réle of synthetic pyridoxal phosphate as the 
coenzyme for transaminase has been reviewed (14). With the availability de 
of an active, relatively pure, unresolved enzyme it seemed desirable to 


perform some experiments designed to bring more direct evidence to bear | ‘ten 
on the problem. II 
| 


Mobility and Per Cent Composition of Electrophoretic Components of Resolved and 
Unresolved Transaminases 


fi 


Component Mobility, X 10" ag. cm. per volt per Per cent of total 

A-l 7.15 47 

4.23 | 26 

A-ILI 3.11 | 13 

H-I 7.05 50 

4.13 16 

H-III | 3.15 19 F 
For identification of the components, see Fig.2 


The freshly prepared unresolved enzyme, when assayed spectrophoto- by | 
metrically under the conditions described earlier, yielded activities of 5000 | and 
and 4750 units per mg. of protein in the presence and absence, respec- and 
tively, of pyridoxal phosphate. A freshly prepared resolved enzyme when | Synt 
assayed under identical conditions yielded activities of 620 and 180 units | S0di 
per mg. of protein in the presence and absence of synthetic coenzyme. It | 4e: 
is apparent from these data that synthetic coenzyme can reactivate the Gree 
resolved enzyme almost 4-fold, but cannot restore activity to a level com- | ©2) 
parable to that of the unresolved enzyme. conc 

Resolution of Enzyme and Nature of Coenzyme—It was conceivable that | Whil 
the above differences might have resulted from the method of fractiona- | 4 
tion. According to the suggestion of Green et al. (6) that the ammonium ==‘ 
ion was responsible for the resolution observed, the following experiment WF 
was performed. 30 mg. of Precipitate WFT-II, a month-old fraction of | #on 
roughly the same activity as the reactivated resolved enzyme, was dis- The 
solved in 30 ml. of water and the solution divided into three 10 ml. | for 


‘i 
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aliquots. To one aliquot was added 1.6 gm. of ammonium sulfate, and 
the pH of the remaining aliquots was then adjusted to that of the am- 
monium sulfate solution by means of dilute sulfuric acid. One of these 
aliquots was used as a control, while the other was immersed in a water 
bath, stirred until the temperature reached 60°, and then cooled rapidly 
in an ice bath. 

The control, the heated, and the ammonium sulfate solutions were then 
allowed to remain in the cold at 4° for 4 days. At the end of that time, 
3 ml. of each solution were placed in dialysis bags and dialyzed against 
distilled water for 36 hours. After completion of dialysis, the extinctions 
of all solutions were determined at 280 my to insure equality of protein 
concentration, and then all were assayed with and without synthetic pyri- 
doxal phosphate. The results of this experiment are presented in Table 
II. It is evident that dialysis alone has practically no effect on the un- 


Taste II 
Effect of Ammonium Ions and Heat on Glutamic-Oralacetic Transaminase 


Enzyme units per mg. protein 


Pretreatment of enzyme ' 
‘None | Heat (60°) 
Before dialysis (pyridoxal phosphate added)... 872, 774-952 
After “(no pyridoxal phosphate added) 786 303s 
“(pyridoxal phosphate added), 852 985 


For the experimental conditions, see the text. 


resolved enzyme and that the little resolution effected can be counteracted 
by synthetic pyridoxal phosphate. However, both ammonium sulfate 
and heat had a pronounced labilizing effect on the “natural” coenzyme, 
and this effect could not be completely compensated for by the use of 
synthetic pyridoxal phosphate. The addition of either glutathione or 
sodium thioglycolate to these systems was without effect. These results 
are of special interest, since both heat and ammonium ions were used by 
Green et al. (6) and O’Kane and Gunsalus (8) in their preparations. This 
enzyme, as previously noted, was resolved. It should be noted that the 
concentration of protein in the cell during the assay was 12 y per ml., 
while that of synthetic pyridoxal phosphate was 10 y per ml., and thus, 
on a molar basis, the pyridoxal phosphate was present in great excess. 

In an effort to isolate the “natural” coenzyme, 100 mg. of Precipitate 
WFT-II were dissolved in 5 ml. of 0.006 m NH,OH, pH 10, and this solu- 


tion was dialyzed for 10 days against 125 ml. of the same NH,OH solution. 


The dialysate was lyophilized, redissolved in 9 ml. of water, and tested 


for activity with the resolved enzyme. Lyophilized dialysates were also 
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prepared with HCl solution, pH 3, and NaOH solution, pH 10. In no 
instance was reactivation observed. 

Further attempts to isolate the “natural” coenzyme involved the prep- 
aration of a boiled aqueous extract, an ultrafiltrate, and the supernatant 
fluid of a trichloroacetic acid precipitate, after removal of trichloroacetic 
acid. All were tested for activity, with the resolved enzyme, and resulted 
in uniformly negative results. 

Analysis of the resolved and unresolved transaminase preparations for 
pyridoxal by use of Saccharomyces carlsbergensis revealed the former to 
contain 0.017 7 per mg. and the latter 0.084 7 per mg. on the basis of a 
pyridoxal hydrochloride standard.? It should be noted that, while the 
activity ratio of the unresolved compared to the resolved enzyme is of 
the order of 26, the ratio of pyridoxal content of the two enzymes is of the 
order of 5. It would thus appear that the pyridoxal content alone does 
not account for the difference in activity. 


DISCUSSION 


The preparation of an unresolved enzyme by the use of low temperature 
alcohol fractionation, in contrast to the almost complete resolution effected 
by ammonium sulfate fractionation, suggests that this procedure is worthy 


of more extended use in studies of enzyme systems having prosthetic — 
groups which are affected by media of high ionic strength. The efficacy | 


of the method is demonstrated by the ultracentrifugal homogeneity, the 


high order of activity, and the high degree of enzymatic specificity of the | 


preparation obtained with its use. 

The specificity studies, in confirmation of the work of Green ef al. (6) 
and O’Kane and Gunsalus (8), as well as of our earlier report (11), demon- 
strate that the glutamic-oxalacetic transaminase is a single enzyme with 
properties distinct from those of the many transaminases which have been 
shown to exist in the same tissue (1). Lack of activity with the y-amide 
(glutamine), as well as the y-ethyl ester of glutamic acid, indicates the 
requirement of the enzyme surface for a free, negatively charged y-car- 
boxy! gréup, and suggests that any substance which will act as a com- 
petitive inhibitor of transamination must. possess this group in order to 
be bound to the site of enzymatic activity. 

The results of experiments designed to elucidate the nature of the co- 
enzyme seem to pose more questions than they answer. The inability 


to reactivate the resolved transaminase to activity levels comparable to — 


those of the unresolved preparation raises the question as to whether 


? We wish to thank Dr. E. E. Snell, Department of Biochemistry, for carrying 
out these determinations. 
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something in addition to synthetic pyridoxal phosphate is required. As 
previously stated, the difference in pyridoxal content of the two prepara- 


tions does not account for the different activities. The possibility of a 


metal requirement was considered early in this study. While the un- 
resolved preparation has a higher ash content than the resolved, it was 
not possible to establish unequivocally that the addition of the ash from 
the unresolved enzyme had an effect on the activity of the resolved enzyme. 
An emission spectrum’ of the ash of the resolved enzyme revealed calcium 
and copper as the main constituents, with trace amounts of iron, mag- 
nesium, and zinc, while that from the unresolved enzyme revealed iron, 
copper, and magnesium as the main constituents, with trace amounts of 
calcium and zinc. The possible relation of trace metals to transaminase 
activity is under investigation. It is of interest that Metzler and Snell 
(15) have found that non-enzymatic transamination is accelerated by 
certain metals. The possible réle of such metals in enzymatic trans- 
amination is also being studied by these investigators (personal communi- 
cation). The requirement for zinc in the synthesis of tryptophan from 
indole plus serine by Neurospora crassa has been reported by Nason (16). 
This reaction system has been previously shown by Wood, Gunsalus, and 
Umbreit (17) to require pyridoxal phosphate. 

In addition to the possible réle of trace metals in enzymatic transamina- 


- tion, other possibilities must be considered. Failure to recover an acti- 


vating factor from dialysates, ultrafiltrates, and boiled aqueous extracts 
of the unresolved transaminase suggests that the coenzyme is attached to 


_ the protein by a non-dissociable bond. Prolonged contact with a medium 


of high ionic strength was effective in dissociating the system, but only to 
the extent of some 60 per cent. Of particular significance was the inability 
of synthetic pyridoxal phosphate to restore activity completely. Perti- 
nent to the findings reported in this study are the following considerations. 
It is possible that synthetic pyridoxal phosphate, while closely related to 
the “natural” coenzyme of transaminase, is not the true coenzyme. The 
failure of the purified resolved preparation to be activated to a level com- 
parable to that of the unresolved system may merely mean that the purified 
systems are incapable of converting the synthetic coenzyme to the more 
active form. A final consideration, which perhaps has more merit than 
the previous ones, is that upon resolution the bond or bonds holding the 
coenzyme to the protein are altered to an extent such that complete re- 
combination with the coenzyme is not possible. In effect, the resolved 


- enzyme may be a partially denatured enzyme. 


* We wish to thank Mr. Rubin Shapiro, Department of Chemistry, for perform- 


ing the emission spectrum analyses. 
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1. An alcohol fractionation scheme for the preparation of an unresolved 
glutamic-oxalacetic transaminase is presented. 

2. Some physical and enzymatic properties of the unresolved enzyme 
are presented and compared with those of the resolved enzyme. 

3. Some experiments concerned with the nature of the coenzyme are | ( 
reported and their implications are discussed. 


By 
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THE URINARY METABOLITES OF 8-AZAGUANINE IN 
THE MOUSE AND THE MONKEY* 


By H. GEORGE MANDEL, EDWARD L. ALPEN, WALLACE D. WINTERS, 
anp PAUL K. SMITH 


(From the Department of Pharmacology, School of Medicine, George Washington 
University, Washington, D. C.) 


(Received for publication, June 4, 1951) 


The close structural similarity of 8-azaguanine to the naturally occurring 
guanine made a comparison of their metabolic pathways desirable. Since 
a competitive inhibition between the two compounds has been reported 
(1-3), it became of interest to determine the physiological disposition of 
this nitrogen analogue and to compare its metabolism with the known 
breakdown intermediates of guanine. Furthermore, because of the inhi- 
bition of various experimental tumors by azaguanine (3-8), it was of interest 
to determine whether any difference existed in the metabolic pathway in 
normal mice and mice bearing a tumor inhibited by azaguanine. 

Bennett et al. (9) have prepared azaguanine labeled with radiocarbon 
in the 2 position and have studied its distribution in various tissues in 
normal and mammary adenocarcinoma-bearing mice. It was found that 
only a trace of the total injected radioactivity was recovered in the ex- 
pired CO, in 24 hours, while almost all of the radioactivity could be ac- 
counted for in the urine collected over the same period. No preferential 
tumor concentration of the active carbon was observed within this period, 
and the total amount of incorporated radioactivity was very small. After 
the administration of 8-azaguanine, the nucleic acid fraction was higher 
in radioactivity than the tissue from which this fraction was isolated (10). 
In independent investigations Roush and Norris (11) noted the conversion 
of azaguanine to azaxanthine by studies in vitro with the enzyme guanase, 
and Gellhorn et al. (12) reported that the drug, when administered to 
rabbits, is excreted as a mixture of azaguanine and azaxanthine. 

The metabolism of 8-azaguanine-4-C™, synthesized in this laboratory, 
and of 8-azaguanine-2-C™, furnished by the Southern Research Institute,’ 
has been determined in normal and sarcoma 37-bearing CAF-1 mice. 
The metabolic end-products after administration of a tumor-inhibiting 
dose and a non-inhibiting dose were investigated. The urinary metabo- 
lites of the drug in a Macaca mulatta monkey were examined to determine 

* This investigation was supported by research grants from the National Cancer 
Institute of the National Institutes of Health, United States Public Health Service, 


and from the Damon Runyon Memorial Fund for Cancer Research, Ine. 
' Courtesy of Dr. H. E. Skipper and Dr. L. L. Bennett, Jr. 
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whether there was any decisive difference in metabolic fate in a higher 
mammal. 

The rate of excretion of the radioactivity in mice after administration 
of 4-C™-azaguanine and the extent of radioactive CO, in the expired air 
were studied. Urine was subjected to counter-current distribution, 
chromatography, and isotope dilution studies to identify the metabolic 
end-products. A preliminary report of these results was presented (13). 


Methods 


8-Azaguanine-4-C" was synthesized from NaC"N by the preparation 
of ethyl cyanoacetate (14) in a yield of 86 per cent, followed by the Traube 


conversion to 2,4,5-triamino-6-hydroxypyrimidine sulfate (15, 16) in a_ 


65 per cent yield. The azaguanine was obtained by ring closure with 
sodium nitrite (1) in alkaline solution and purified by repeated extractions 
with n-butanol at various pH values. The over-all yield, based on cyanide, 
was 50 per cent. The ultraviolet absorption spectrum was identical with 
that of Cavalieri et al. (17). An eight plate counter-current distribution 
in a system of n-butanol and | m phosphate buffer at pH 6.7 showed the 
compound to be homogeneous when analyzed by ultraviolet absorption 
at 275 mz. Chromatography on Whatman No. | paper with tertiary 
butanol-hydrochloric acid-water (18) showed a single radioactive peak. 
The specific activity was 0.07 uc. per mg. 

To determine the rate of excretion of the radioactive azaguanine, CAF-1 
mice bearing 6 day-old sarcoma 37 tumors were injected subcutaneously 
with 300 mg. per kilo of the drug dissolved in | per cent sodium carbonate 


solution (approximately 0.5 we. per mouse). The animals were sacrificed | 


after certain time intervals and the skinned carcass was homogenized with © 


50 ml. of distilled water in a Waring blendor. Aliquots of the homogenates 
were plated in plastic cups, dried, and assayed for radioactivity in a gas 
flow proportional counter. 

For the determination of radioactivity in the expired CO., a mouse was 
injected with 300 mg. per kilo of azaguanine-4-C" and placed in a sealed 
chamber flushed by a stream of oxygen. The gas containing the expired 


air was bubbled through 2.5 per cent sodium hydroxide solution to absorb | 


the CO,. After the addition of 15 gm. per liter of ammonium chloride to 
lower the pH, the sodium carbonate formed was precipitated with an excess 
of barium chloride solution. The resulting barium carbonate was filtered, 
dried, and assayed for radioactivity. 


| 


| 


Urine was collected from the various animals in metabolism chambers 
for 24 hours after the subcutaneous administration of the drug. After — 
centrifugation to separate any fecal matter, the urine was lyophilized, — 
and the resulting solid was subjected to a twenty-four plate counter- | 
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current distribution in several binary systems. Aliquots of the various 
phases were then plated and assayed for activity. The self-absorption 
ratio of the solven: systems was determined by establishing the counting 
efficiency of such dried aliquots containing known amounts of radioactivity, 
and this factor was used in determining the total activity for each plate of 
the counter-current. For 1 m potassium phosphate system with n-butanol, 
this ratio was found to be 2.7. The two phases of the tertiary butanol- 
phosphate buffer system were made mutually miscible by the addition of 
water, and aliquots of the solution were plated and assayed. Samples of 
the buffers were plated similarly and used as background counts to com- 
pensate for the radioactivity of the naturally occurring 8 emitter K®. In 
spite of this added correction potassium phosphate was preferred over the 
sodium salt because of greater solubility. 

Chromatograms of various urine samples were run for 12 hours on 
Whatman No. 1 paper strips as a descending, single dimensional channel. 
The authentic compound was chromatographed in an adjacent channel as 
a control. 

Azaxanthine was synthesized with and without C™ (1) by the reaction 
of nitrous acid with the corresponding azaguanine sample in sulfuric acid 
and was recrystallized twice from water. Its ultraviolet spectrum was 
identical with the published data (17), and the C™ material showed only 
one radioactive peak on a chromatogram in a system of tertiary butanol- 
hydrochloric acid (18). 


Results 


Excretion studies (Fig. 1) indicated that 50 per cent of the dose was 
excreted in the first 2 to 4 hours and that less than 3 per cent of the ad- 
ministered radioactivity remained in the animal after 12 hours. No radio- 
active carbon dioxide was found in the expired air for 24 hours after the 
administration of the drug. 

Counter-current distribution (Fig. 2) of urine collected from normal 
mice after the administration of 300 mg. per kilo of azaguanine showed 
that one radioactive component was excreted. An identical metabolic 
pattern was obtained when mice bearing 6 day-old sarcoma 37 were used, 
and no difference was observed between the C;- or the C,-labeled compound, 
or when a dose of 50 mg. per kilo was administered. In the system 1 M 
phosphate buffer at pH 5.4 and n-butanol, the metabolite had a partition 
ratio of 4.0. 

The ultraviolet absorption curve of the metabolite showed only one 
absorption maximum at 265 my, as contrasted to the absorption peak at 
275 my for azaguanine. Distribution of the radioactive metabolite be- 
tween aqueous solutions and methyl ethyl ketone at different pH values 
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showed that the substance was very water-soluble in alkaline solution and 
became less soluble as the pH decreased, suggesting that the substance 
was acidic. Since the metabolite occurred whether the C.- or the C,-labeled 
azaguanine was administered, and because of the ultraviolet absorption at 
265 my, the evidence seemed to indicate that at least the six membered 
ring structure was still intact, that there was an enolic hydroxyl group, 
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Fig. 1. Rate of excretion of 8-azaguanine-4-C" in mice. O, single mouse; @, 
mean. 

Fic. 2. A representative twenty-four plate counter-current distribution of uri- 
nary products after the administration of 8-azaguanine in mice. System 1 m potas- 
sium phosphate buffer at pH 5.4 and n-butanol. The curve represents the caleu- 
lated value for partition ratio of 4.0; O, radio assay. 


and that the 2-amino group of the azaguanine was either removed or con- 
jugated. 

Since guanine is metabolized to xanthine in mice, it was thought possible 
that the nitrogen analogue might be converted to azaxanthine. This 
substance was therefore prepared to compare its physical characteristics 
with those of the unknown metabolite. An identical absorption curve 
was obtained, and the partition ratio was determined as 4.0 in 1 m phos- 
phate buffer at pH 5.4 and n-butanol. 

In order to confirm this evidence, another counter-current distribution 
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was run in a twenty-four plate system of 1 m phosphate buffer at pH 6.7 


and tertiary butanol. In this system the major metabolite had a partition 
coefficient of 0.95, compared to the value of 1.0 obtained with synthetic 
azaxanthine. 

Mouse urine was then lyophilized, redissolved in a small amount of 
water, and distributed on a paper chromatogram in tertiary butanol and 
hydrochloric acid (18). A radioactive peak was obtained at R, 0.66, 
while that of authentic azaxanthine was found to be 0.69. 

For final identification, the radioactive material from the counter-cur- 
rent distribution suspected to be azaxanthine was added to 500 mg. of 
synthetic non-radioactive azaxanthine. The mixture was dissolved in hot 
water and upon cooling was filtered, recrystallized, and plated on aluminum 
planchets for radioactive assays. The material was then recrystallized 


TaBLeE 
Cocrystallization to Constant Specific Activity 
Specific activity 
Compound No. of recrystallizations denial 
Mouse Monkey 
C.p.m. per mg C.p.m. per mg 

Azaxanthine 3 35.6 26.2 

4 35.7 26.1 

5 35.3 25.1 
Azaguanine 12 3.58 0.52 
13 3.21 0.56 
14 3.28 0.52 


several more times and the specific activity determined. The results in 
Table I show that the specific activity remained constant after several 
recrystallizations, indicating that the substance from the counter-current 
distribution was identical with the crystallized azaxanthine. 

Since it was considered likely that a minor metabolite too small to be 
detected by the assay procedure of the counter-current distribution might 
be the original azaguanine, a known volume of redissolved lyophilized 
mouse urine was treated with a weighed amount of azaguanine. The 
material was dissolved in sodium hydroxide solution and precipitated from 
a large volume of solution with acetic acid. After twelve reprecipitations 
the azaguanine had reached constant specific activity (Table I), indicating 
the presence of azaguanine in the urine. 

An identical volume of urine was crystallized with azaxanthine to con- 
stant specific activity in a similar manner, and it was thus possible to 
calculate the ratio of azaxanthine to azaguanine in the urine. It was 
found that approximately 2 per cent of the radioactivity of the urine was 


due to azaguanine. 
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This evidence was confirmed by chromatograms of material from Plate 15 
of Fig. 2, where azaguanine should be distributed because of its distribu- 
tion ratio of 1.9 in the above system. The Ry value for the urinary com- 
ponent agreed well with that for synthetic azaguanine, being 0.57 and 0.56, 
respectively. 

A male Macaca mulatta monkey was injected intravenously with a dose 


oO 


% OF TOTAL ACTIVITY 


4) 


0123456789 01112 
PLATE NUMBER 
Fic. 3. A twelve plate counter-current distribution of urinary product after 
azaguanine in the monkey. System 1 m potassium phosphate buffer at pH 6.6 and 
tertiary butanol. The curve represents the calculated value for partition ratio of 
1.14; O, radio assay. 


of 50 mg. of 8-azaguanine-4-C™, Urine was collected for 36 hours and 
lyophilized. A counter-current distribution of some of the urine was per- 
formed in a twelve plate system of 1 mM phosphate buffer at pH 6.6 and 
tertiary butanol (Fig. 3). Again it was found that there was only one 
radioactive component having a calculated partition ratio of 1.14. Syn- 
thetic azaxanthine had a partition ratio of 1.1. The urine was also dis- 
tributed in a counter-current distribution system of 1 m phosphate buffer 
of pH 5.4 saturated with n-butanol. A metabolic pattern identical with 
that in Fig. 2 was obtained, showing that the major component existed 
with a distribution ratio of 4.0. 
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A paper chromatogram of lyophilisate from monkey urine, run as above, 
showed one major component having an R, value of 0.69. Azaxanthine, 
under identical conditions, also showed R, 0.69. 

It was impossible to isolate material from either the chromatograms or 
the counter-current distributions which would give the characteristic ab- 
sorption spectrum of azaxanthine. A highly fluorescent, highly ultraviolet- 
absorbing impurity was present, which could not be removed and which 
obscured the absorption characteristics of azaxanthine. This non-radio- 
active substance was present along the entire length of the chromatogram. 
The same ultraviolet absorption spectrum was found throughout its length. 

To confirm further the identity of the urinary metabolite of the monkey 
as azaxanthine, some of the radioactive substance from the counter-cur- 
rent distribution was jointly crystallized with synthetic azaxanthine. After 
repeated recrystallization, constant specific activity was obtained, as shown 
in Table I, indicating the identity of the urinary component as azaxanthine. 

To determine whether the minor metabolite was azaguanine, a procedure 
identical with that for mouse urine was followed. Again only a small 
amount of azaguanine was found, showing that 2 per cent of the radio- 
activity in the urine was due to the original drug. The crystallization 
data are summarized in Table I. The R, values for the urinary compo- 
nent and authentic azaguanine were 0.57 and 0.56, respectively. 


DISCUSSION 


Although no specific attempt was made to determine the exact amount 
of radioactivity excreted, almost all of the administered C™ could be 
accounted for in the urine. No radioactive CO, could be recovered in the 
expired air after administration of the azaguanine-4-C™, whereas 0.35 per 
cent has been reported after azaguanine-2-C™ (9). The small amount of 
destruction of the pyrimidine ring, as evidenced by the reported radio- 
active CO, suggests the existence of an undetectable carbon chain frag- 
ment. 

The ability of both the monkey and the mouse to convert azaguanine 
into azaxanthine is not surprising, since guanase is present in normal 
mammals, and therefore a similar metabolic pattern would be expected. 
Despite the sharp inhibition of tumor growth by azaguanine, no effect of 
the tumor on the metabolic pattern of this compound was detected by the 
techniques used. 

The maximum effect of azaguanine on tumor respiration and tumor 
growth has been observed at 24 hours by investigations in this laboratory,’ 
whereas after 12 hours about 97 per cent of the drug has been eliminated, 


?M. Finkelstein, personal comm nication. 
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with identical concentrations. It would seem, therefore, that the azagua- 
nine initiates a change in the metabolism of the tumor or the organism 
which reaches its maximum effect long after the drug has been eliminated. 

The conversion of azaguanine into azaxanthine and the elimination of 
the latter compound are compatible with the enzymatic breakdown of the 
analogous guanine. (Giuanase converts guanine to xanthine, which in the 
presence of xanthine oxidase undergoes oxidation at Cs, to uric acid. 
Azaguanine is similarly hydrolytically deaminated by guanase (11), but 
the subsequent oxidation cannot take place in the same manner because 
of the absence of a carbon atom in the 8 position, and the compound is 
excreted as such. 


SUMMARY 


1. The tumor-inhibiting guanine analogue 8-azaguanine was synthesized 
from NaC"N, yielding the substance labeled in the C, position in a 50 
per cent yield based on cyanide. 

2. Excretion studies indicated that azaguanine was eliminated rapidly. 
No radioactivity was found in the expired air after the administration of 
8-azaguanine-4-C"™, while almost all of the radioactivity could be accounted 
for in the urine. 

3. The radioactive azaguanine labeled in the 2 or 4 position was injected 
into both normal and CAF-1 mice bearing sarcoma 37 at two different 
doses. A counter-current distribution showed that an identical urinary 
metabolic pattern was obtained in each case. 

4. Analysis of the mouse urine by means of counter-current distribution 
in two binary systems, chromatography, ultraviolet absorption spectros- 
copy, and crystallization to constant specific activity identified the metabo- 
lite as azaxanthine. 

5. A male Macaca mulatta monkey was injected with radioactive aza- 
guanine. Analysis of the urinary metabolites again showed the same 
pattern. By means of counter-current distribution in two binary systems, 
chromatography, and crystallization to constant specific activity, the 
metabolite was identified as azaxanthine. 

6. The presence of traces of azaguanine, in the urine has been identified 
by chromatography and crystallization o constant specific activity as 
azaguanine. Comparative isotope dilution studies have shown that aza- 
guanine is present as approximately 2 per cent of the total radioactivity. 

7. No other metabolite could be detected. 
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ON THE FRACTIONATION OF THE PROTEINS OF EGG 
YOLK 


By E. GORDON YOUNG anp J. I. PHINNEY 
(From the Department of Biochemistry, Dalhousie University, Halifax, Canada) 
(Received for publication, June 2, 1951) 


For many years the senior author has attempted to fractionate the yolk 
proteins of the Atlantic salmon with each annual laying season, but with- 
out conspicuous success. The newer electrophoretic technique has now 
_ provided us with a better criterion of the success of our methods as applied 

to the egg yolk of the hen as well as of the salmon (1). 

The general subject has been reviewed by Needham (2, 3) and by Jukes 
and Kay (4). Until recently the existence of three proteins had been 
claimed in egg yolk: (1) a lipoprotein (lipovitellin or ichthulin), (2) a 
pseudoglobulin (livetin or thuchtin), and (3) a mucoid (vitellomucoid). 
In 1946 Fevold and Lausten (5) isolated a lipoprotein from hen’s egg yolk 
which they named lipovitellenin. ,This protein differed from lipovitellin 
in containing a higher lipide content, 36 to 41 per cent, and in exhibiting 
a greater instability in contact with acetone. Mecham and Olcott (6) 
- have isolated another phosphoprotein which they have named phosvitin. 
Their preparation contained 10 per cent of phosphorus and comprised 7.0 
per cent of the total proteins. Shepard and Hottle (7) have attempted to 
purify livetin for use as an antigen. Their preparations exhibited three 
components on electrophoretic analysis. 

Although our methods have not achieved fractions of the desired degree 
of homogeneity, it seems useful to publish the results at the present time. 
The fractionation of yolk proteins into the three components, demonstrable 
electrophoretically, does not appear to be readily accomplished in salmon 
yolk as tested electrophoretically. 


EXPERIMENTAL 


Unfertilized eggs, from the Atlantic salmon (Salmo salar), were obtained 
_ in early November at a local hatchery. They were washed repeatedly in 
1 per cent sodium chloride at 0° to remove ovarian fluid. The eggs were 

placed in fine cheese-cloth, broken by pressure, and squeezed to separate 
_ yolk from casings. The yolk was centrifuged to separate as much as 
possible of the free lipide in the form of a deep red supernatant oil. After 
separation, the yolk was diluted with an equal volume of saline solution, 

usually 10 per cent sodium chloride, adjusted to pH 7.5. The diluted yolk 
was next extracted 5 to 10 times at 0° with peroxide-free ethyl ether in a 
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separatory funnel, until the amount of lipide extracted in the ether layer 
was negligible (i.c., about 50 mg.). To this point, the procedure is essen- 
tially that of Calvery and White (8). 

The proximate analysis of the original yolk was found to be as follows: 
water 67.2, lipide 9.1, protein 22.5, ash 1.2 per cent. In this respect the 
salmon egg is very similar in composition to those of the trout and sturgeon 
(3). 

The same procedure has been applied to hen’s egg yolk to obtain a 
solution suitable for electrophoresis. 

Methods—The chemical methods used to characterize the fractions sepa- 
rated included determinations of total nitrogen by the Pregl micro-Kjeldahl 
procedure, total phosphorus by the method of Allen (9), moisture by des- 
iccation to constant weight over phosphorus pentoxide in a “‘pistol”’ desic- 
eator at 35°, ash by direct ignition, lipide by the method of Chargaff, 
Bendich, and Cohen (10). 

Electrophoretic analysis was carried out in the Longsworth modification 


of the Tiselius apparatus. It was found that a minimum of 0.2 m sodium | 
chloride was necessary to keep the protein in solution and the total ionic © 
concentration of the buffer mixtures was approximately 0.3. The con- | 


centration of protein was determined by means of a dipping refractometer 
on the basis of a specific refractive increment of 0.002. 

Fractionation—V arious methods have been tried to separate the yolk 
proteins, especially of salmon eggs. A mixture of all proteins was pre- 
pared from the stock solution by the acetone method of Piettre (11). A 
snow-white powder was obtained which retained only partial solubility 
(20 per cent) in saline solution. Considerable denaturation must have 
resulted and this method was useful only in furnishing average analytical 
figures for the total proteins, as shown in Table I. Although we have 
obtained many fractions, the application of the adopted analytical criteria 
has not indicated separation of characteristic fractions except in some 
instances. We have tried separating the lipophosphoprotein by dilution 
with controlled hydrogen ion concentration, by dialysis, by isoelectric 
precipitation, by ethanol fractionation, and by means of sodium sulfate. 

Lipovitellin was prepared from the stock solution by adjusting the pH 
to 3.5 and storing at 0° overnight. The resulting precipitate was re- 
dispersed in 10 per cent sodium chloride at pH 7.5 or in 0.5 per cent of 
ammonium hydroxide at pH 10. It was reprecipitated at pH 3.7 and de- 
hydrated with anhydrous acetone or by lyophilizing. Repetition of dis- 
solution and precipitation tended to make the material insoluble. Half 


saturation with ammonium sulfate of the filtrate from the initial isoelectric — 
precipitation and adjustment of the acidity to pH 5.6 did not furnish a — 


characteristic fraction. 
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Lipovitellin was also prepared by dialysis of the stock solution, essentially 
by the procedure of Chargaff (12). A portion of the final precipitate in 
the moist state was dissolved in a buffer solution as listed below and exam- 
ined electrophoretically. A single boundary was obtained for hen lipovitel- 
lin after three precipitations, but there were always three boundaries in 
the case of the salmon yolk preparation, even after four reprecipitations. 

Livetin was prepared from the stock solution by dilution with 10 vol- 
umes of water adjusted to pH 5.0. The precipitate was centrifuged but 
redissolved in 10 per cent sodium chloride with some difficulty. The 
solution was again diluted with water as before. The precipitate was 
washed with water until free from chloride, then with acetone (reagent), 
and finally with anhydrous acetone. A fine white powder was obtained. 
pH 5 was selected from the experience of Bernheim and Bernheim (13) 
with trout eggs and from our own preliminary experiments which indicated 
that some protein was precipitable at this point. The object was to 
separate possible nucleoprotein from phosphoprotein. 

The supernatant fluid after the first centrifugation was half saturated 
with ammonium sulfate. A flocculent precipitate was obtained. This was 
dissolved in 10 per cent sodium chloride and diluted with water without 
formation of any precipitate. The solution was again half saturated with 
ammonium sulfate, and the precipitate recovered, washed with 50 per 
cent aqueous acetone until free from sulfate, and dehydrated with dry 
acetone. A fine, slightly brownish powder was obtained. 

No further precipitate formed at full saturation with ammonium sulfate, 
even on further acidification to pH 2 or on heating to 100°. 

An attempt was made to fractionate the stock solution of yolk proteins 
with ethanol, by diminishing the salt concentration to a minimum to re- 
tain the proteins in aqueous solution, and by controlling the pH and tem- 
perature of the mixture. The degree of precipitation was determined by 
estimating the total nitrogen per ml. in the filtrate and in the original 
solution. Operations were carried out in the cold room at 0° and —5°. 
The degree of separation was followed electrophoretically. The results 
are shown in Fig. 1. It is apparent that most of the protein was pre- 
cipitated between 15 and 20 per cent of ethanol. By lowering the pH of 
the solution, precipitation became more complete at lower concentrations 
of ethanol. 

Fractionation was also accomplished by means of sodium sulfate added 
to the stock solution as a 40 per cent solution. Precipitation began at 
about 15 per cent and at 25 to 30 per cent it had leveled off, with only 10 
per cent of the total proteins still in solution. 

Analysis—The composition of various preparations is listed in Table I. 
The results do not establish a uniform composition for lipovitellin as pre- 
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Fic. 1. Effect of ethanol on the solubility of proteins of salmon yolk at 0° and at tu 
various pH levels. or 
Analysis of Proteins from Salmon Yolk tr 
Ne | Lipide? | Ash | Method of separation 
per cent percent | percent | perce 
Total proteins 16.24 1.14 | 1.33 | 5.18  Piettre ce 
15.63 1.11 | 1.30 | 466) gr 
| 
Lipovitellin 14.1 2.11 | 9.5 ? | Precipitation by dialysis el 
Vitellin 4.8 1.53 | | tas 
Lipovitellin 15.26 1.2 2.90 4.73 (NH,):SO, after ethanol 
Vitellin 15.71 1.09 | | 
Lipovitellin 15.73 «1.32: 1.62, Precipitation, pH 3.7 fir 
Vitellin 16.32 0.95 bt 
Vitellin 16.03 1.06 | 0.17 | 4.92 Acetone after ethanol ' 
Extracted 16.08 | 1.04 | | 
| | | 
Livetin 4.9 0.10 | 0.68 0.74 Dilution, 5.0 be 
Extracted (15.0 | | ce 
* Calculated on a moisture- and ash-free basis. ve 


pared by different methods. Analyses of vitellin were done after extrac- 
tion of the corresponding lipovitellin samples. tr 
Compared with the values for hen lipovitellin obtained by Chargaff (12), -™ 
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the salmon protein obtained by dialysis has a much lower lipide content, 
9 versus 18 per cent, a higher nitrogen level, 14.1 versus 13.0 per cent, and 
a higher phosphorus content, 2.1 versus 1.5 per cent. The extracted resi- 
due, vitellin, agrees much more closely in nitrogen level, 16.0 versus 15.5, 
and in phosphorus, 1.0 versus 1.0 per cent. 

The livetin fraction was obviously impure, as indicated by a content of 
0.68 per cent of lipide. However, compared with the values for hen livetin 
of Kay and Marshall (14), we have nitrogen at 15.0 versus 15.4 and phos- 
phorus at 0.1 versus 0.05 per cent. Needham (15) has carried out the only 
analysis of livetin from fish egg yolk, the dogfish, and obtained values of 
12.1 per cent for nitrogen and 0.04 per cent for phosphorus. 

Nucleoprotein—Qualitative tests on the acetone precipitate of total pro- 
teins showed the presence of pentose (Bial) and of desoxyribonucleic acid 
(16). Lipovitellin preparations, however, gave negative results, thus elim- 
inating the possibility that the major protein of salmon yolk might have 
been a liponucleoprotein. The trace of nucleoprotein may have come from 
cellular material in the eggs. 

Isoelectric Point of Lipovitellin—With material obtained by dialysis, the 
isoelectric point of this protein was determined from the point of maximum 
turbidity. A saturated solution of lipovitellin in dilute sodium chloride 
solution was added to a series of buffer solutions between pH 3.5 and 5.4. 
The degree of turbidity was measured nephelometrically and the pH elec- 
trometrically. Below pH 2.0 and above pH 10 no turbidity appeared. 
In two series the points of greatest turbidity occurred at pH 3.90 and 3.86. 

This determination was repeated on a solution of lipovitellin in 5 per 
cent sodium chloride by adjusting the pH with 0.1 nN hydrochloric acid in 
graduated centrifuge tubes. These were spun for 30 minutes at 2000 
r.p.m. and the volume of solid observed. Under these conditions the iso- 
electric point was found to be 3.7. With hen lipovitellin by the same 
method, the value obtained was 3.4 to 3.5. 

Electrophoresis—The distribution of proteins in the stock solution was 
first determined. A portion of this solution was diluted with sufficient 
buffer to make the final concentration approximately 1 per cent. 

The buffer solutions employed and other conditions are shown in Table 
II. The solutions were made up as follows: 0.2 m sodium chloride (1.17 
per cent), 0.1 m sodium diethyl barbiturate (2.062 per cent), 0.02 m diethyl- 
barbituric acid (0.368 per cent), pH 8.5; 0.2 m sodium chloride (1.17 per 
cent), 0.02 m potassium dihydrogen phosphate (0.272 per cent), to which 
was added 0.02 m sodium hydroxide to obtain the desired pH level. The 
period of electrophoresis was usually 6 hours. 

In all cases, three migrating boundaries were observed which were dis- 
tributed in the proportions of 3.6, 8.5, and 87.9 per cent in salmon yolk, 
and 4.6, 10.2, and 85.1 per cent in hen yolk, as shown in Table III. No 
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further separation was noted in any buffer solution used within a period | 


of electrophoresis of 15 hours. The ascending and descending boundaries li 
were very similar in pattern. The similarity of the results for salmon and {  t 
hen proteins is noteworthy. The electrophoretic picture does not confirm e 
the finding of Fevold and Lausten (5) of the existence of a second lipo- il 
0 
II 
Conditions of Electrophoresis for Yolk Proteins 
Experi- or Total | | 
ment | Buffer 3 pH protein Time ‘Current Potential 
por cont | min ma. rolts 
1 Chloride + phosphate | 0.32 6.10 0.77 300 12.5) 62) 8.5 
2 + 0.25 | 7.30 | 0.72 | 323 | 20 100) 
3 + 0.32 7.40 240 | 10 50 
4 ™ + barbiturate 0.32 7.45 0.64 315 10 50. «(66.9 
5 0.32 8.50 2.38 363 15 75 | 10.3 
6 + phosphate 0.32 8.74 0.97 | 300 50 
7 “4 barbiturate 0.32 8.5 (1.11 330 15 75 10.3 
Tasie III 
Electrophoretic Distribution of Yolk Proteins 
Per cent distribution 
Specimen — | 
a 8 7 | 
Salmon whole salle NEE 1.8 5.2 93.0 
3.9 | 10.6 8.5 | 
” lipovitellin by dilution............. 7.5 8.2 84.3 
dialysis, pptd. twice. 1.7 12.7 | 85.6. 
“ “ 3times...... 0.0 30 | | 
supernatant fluid after ethanol at 22%.... 3.5 4245 | | 
Hen whole yolk, pH 8.5...... 4.6 10.2 85.1 
“ lipovitellin by dialysis........... 0.0 100 


protein constituting approximately 30 per cent of the total proteins of 8. 
hen’s egg yolk. We interpret the diagrams to indicate lipovitellin as the — 
y peak, livetin as the 8 peak, and vitellomucoid or phosvitin as the a peak. 
This requires experimental confirmation by isolation. If correct, the 
livetin fraction at 10 per cent of the total proteins is less than that claimed 
at 20 to 25 per cent by Kay and Marshall (14), and the mucoid is morethan _8i 
about 1 per cent, as stated by Onoe (17), or close to the value of 6.5 per sg 
cent for phosvitin (6). The multiple boundaries in the preparation of tl 
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livetin of Shepard and Hottle (7) can be explained as impurities rather 
than as due to the existence of several forms of this protein. The pres- 
ence of both ovalbumin and conalbumin in hen’s egg yolk, as claimed on 
immunological evidence by Marshall and Deutsch (18), is not apparent in 
our electrophoretic diagrams. 


Fic. 2. Electrophoretic patterns corresponding with figures in Table III, and 
named a, 8, and y in the ascending boundaries proceeding from left to right; left, 
ascending boundary; right, descending boundary. 1, whole salmon yolk at pH 
8.5; 2, whole hen yolk at pH 8.5; 3, salmon lipovitellin by dialysis; 4, supernatant 
fluid at 22 per cent ethanol; 5, salmon lipovitellin precipitated at pH 3.7; 6, hen 
lipovitellin by dialysis. 


Typical electrophoretic diagrams are shown in Fig. 2. 

It is apparent from Table III that the method of precipitation by dialy- 
sis will permit the isolation of a preparation of lipovitellin which is homo- 
geneous in electrophoresis, if solution and reprecipitation are repeated 
three or four times. A single component may be isolated by means of 
50 per cent of ethanol, but its identity has not been established. 
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Several methods have been used to fractionate the yolk proteins of the 


eggs of the salmon and of the hen. Precipitation by dialysis was the most 
successful, if repeated three or four times, and yielded lipovitellin in a 
state of electrophoretic homogeneity. 

Electrophoretic analysis revealed only three components, distributed in 
the proportions of 3.6, 8.5, and 87.9 per cent in salmon yolk, and 4.6, 10.2, 
and 85.1 per cent in hen’s egg yolk. Electrophoresis was carried out in a 
buffer solution containing sodium chloride and barbiturate at pH 8.5, 
ionic strength 0.32, and a field strength of 7 to 13 volts per cm. 

Lipovitellin from salmon eggs has been found to contain 9 per cent or 
less lipide, 14.1 per cent nitrogen, and 2.1 per cent phosphorus. Salmon 
vitellin contained 16.0 per cent nitrogen and 1.0 per cent phosphorus. An 
impure specimen of salmon livetin contained 14.9 per cent nitrogen and 
0.10 per cent phosphorus. The isoelectric point of lipovitellin was found 


to be at pH 3.7 to 3.9 for the salmon, and at pH 3.4 to 3.5 for the hen. — 


Lipovitellin appears to be readily denatured in contact with water at 20°. 
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numerous lots of salmon eggs. Mr. R. V. Webber was responsible for | 


assistance in some of the experimental work. 


BIBLIOGRAPHY 


225 (1947); Proc. Nova Scotian Inst. Sc., 22, 74 (1948). 
. Needham, J., Chemical embryology, Cambridge, 1, 287-294, 331-345 (1931). 
. Needham, J., Biochemistry and morphogenesis, Cambridge, 14-17, 25-27 (1942). 
Jukes, T. H., and Kay, H. D., J. Nutr., 6, 81 (1932). 
. Fevold, H. L., and Lausten, A., Arch. Biochem., 11, 1 (1946). 
Mecham, D. K., and Olcott, H. C., J. Am. Chem. Soc., 71, 3670 (1949). 
. Shepard, C. C., and Hottle, G. A., J. Biol. Chem., 179, 349 (1949). 
. Calvery, H. O., and White, A., J. Biol. Chem., 94, 635 (1931-32). 
. Allen, R. J. L., Biochem. J., 34, 858 (1940). 
10. Chargaff, E., Bendich, A., and Cohen, 8. S., J. Biol. Chem., 166, 161 (1944). 
11. Piettre, M., Biochimie des protéines, Paris, 45-47 (1937). 
12. Chargaff, E., J. Biol. Chem., 142, 491 (1942). 
13. Bernheim, F., and Bernheim, M. L., Symposia Quant. Biol., 7, 174 (1939). 
14. Kay, H. D., and Marshall, P. G., Biochem. J., 22, 1264 (1928). 
15. Needham, J., Biochem. J., 23, 1222 (1929). 
16. Sevag, M. G., Smolens, J., and Lackman, D. B., J. Biol. Chem., 134, 523 (1940). 
17. Onoe, T., J. Biochem., Japan, 24, 1 (1936). 
18. Marshall, M. E., and Deutsch, H. F., J. Biol. Chem., 189, 1 (1951). 


. Young, E. G., and Phinney, J. I., Abstr., XVII Internat. Physiol. Cong., Oxford, 


are 


= 


| 
SUMMARY 
| 


40). 


AN ENZYMATIC RESOLUTION OF PROLINE* 
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The only recorded resolution of proline is that of Fischer and Zemplén 
(1) who employed diastereoisomeric mixtures of cinchonine with m-nitro- 
benzoyl-pL-proline and observed that the [a], in aqueous solution at 20° 
was —80.9° for L-proline and +81.9° for p-proline. The highest [a], 
value noted by Fischer for t-proline isolated from a protein hydrolysate 
was —77.4° (2). More recently, Town succeeded in preparing samples of 
L-proline from protein hydrolysates whose values of [a], at 18° = —86.6° 
and —86.8° were the highest so far observed (3). It would appear that 
the rotations for the proline enantiomorphs reported by Fischer and Zem- 
plén were low, a result which these authors anticipated by stating that the 
removal of the nitrobenzoyl group from the proline isomers through the 
prolonged boiling with strong hydrochloric acid led to some racemization 
of the products. 

In order to reach a definite conclusion as to the optical characteristics 
of proline, it is necessary to prepare the enantiomorphs from the pure 
racemate by a mild and exact resolution procedure. The enzymatic reso- 
lution methods developed in this laboratory appeared to offer the simplest 
solution of the problem. These methods are based upon the asymmetric 
hydrolysis (a) of N-acylated amino acids by a concentrated acylase (4-12) 
and (b) of amino acid amides by a concentrated amidase (9, 13), both 
enzymes being prepared from hog kidney. However, it was found that 
neither N-acylated proline nor prolinamide was hydrolyzed appreciably by 
these particular enzyme preparations (14), although the crude aqueous 
extract of hog kidney can very slowly hydrolyze the latter substrate. An 
active amidase for proline and other amino acid amides could be prepared 
from mushrooms, but this preparation was not asymmetric in its action, 
and catalyzed the hydrolysis not only of the L isomer of pi-prolinamide but 
that of the p isomer as well (14).!_ The mushroom amidase was therefore 


* Presented before the Division of Biological Chemistry at the 119th meeting of 
the American Chemical Society in Boston, April 1-5 (1951). 

t Exchange Fellow of the British Empire Cancer Campaign and the American 
Cancer Society (on the recommendation of the Committee on Growth of the National 
Research Council). On leave from the Cancer Research Laboratory, University of 
Birmingham, England. 

1 Although mushroom amidase hydrolyzes both prolinamide and leucine amide 
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considered unsuitable for .the purpose in hand, and attention reverted 
again to hog kidney. After numerous trials, a relatively weak but quite 
adequate amidase preparation was made by alcohol fractionation of this 
tissue which asymmetrically hydrolyzed the L isomer of pL-prolinamide 
and left the p isomer apparently intact. 

Another difficulty which arose was in the isolation of the proline enan- 
tiomorphs after the enzymatic hydrolysis was complete. Attempts to 
separate the enantiomorphs through their picrate salts were unsuccessful. 
It was found, however, that both proline and prolinamide would form the 
corresponding carbobenzoxy derivatives when treated with carbobenzoxy 
chloride in alkaline medium. The carbobenzoxyproline was soluble in 
alkaline solution and separated as an ether-soluble oil on acidification. 
The carbobenzoxyprolinamide separated rapidly as a crystalline solid from 


the alkaline medium. From these observations it was expected that treat- | 


ment of the enzymatic hydrolysate of pL-prolinamide with alkali and 
carbobenzoxy chloride would result in the ready separation of pure car- 
bobenzoxy-b-prolinamide in crystalline form, while the carbobenzoxy-t- 
proline remained in solution; after removal of the amide, acidification of 
the medium should yield pure carbobenzoxy-.-proline. 

However, a third and unexpected difficulty was invariably encountered 
when this procedure was first applied to resolution mixtures. Although 
in every case carbobenzoxyprolinamide could be obtained in crystalline 
form, it was partly or wholly racemic, while little or no carbobenzoxypro- 
line could be isolated at all. Conversion of such racemic preparations of 
carbobenzoxyprolinamide to proline yielded the pure amino acid in an 
equally racemic form. Conversion of the carbobenzoxyproline which could 
be isolated yielded pure L-proline. Treatment of L-prolinamide in alkaline 
medium with carbobenzoxy chloride in the presence or absence of ammonia 
and t-proline resulted in the preparation of optically pure carbobenzoxy- 
L-prolinamide. It did not appear probable, therefore, that the p-prolin- 


amide present in the resolution mixture was directly racemized by carbo- — 


benzoxy chloride. 


A possible explanation for these disconcerting phenomena came from the _ 


experiments of Fischer and Reif on the treatment of a-bromoisocapronyl- 
L-proline with ammonia (15). The product of the reaction instead of being 


the expected leucyl-L-proline turned out to be a-hydroxyisocapronyl-L- — 
prolinamide. It occurred to us that perhaps the treatment of L-proline 


with carbobensoxy chloride i in ensymatic hydrolysis mixtures containing 


(ef. (14)), the effect is oi to two separate enzyme systems, which may be separated 
by alcohol fractionation. Similar types of fractionation may be employed to sepa- 


rate the action of the leucine amidase on L- and on p-leucinamide. Studies on these — 


fractions are at present under way. 
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ammonia might have resulted in the formation of carbobenzoxy-.-prolin- 
amide. In this way the racemic or partially racemic character of the iso- 
lated carbobenzoxyprolinamide could be explained, as well as the frequent 
failure to isolate carbobenzoxy-.L-proline. It would therefore be expected 
that. complete removal of the ammonia from the hydrolysate prior to the 
carbobenzoxylation step should result in the preparation of optically pure 
derivatives of the enantiomorphs. This was actually the case, and the 
carbobenzoxy derivatives of L-proline and of p-prolinamide were subse- 
quently readily prepared. On catalytic hydrogenation of the former, prep- 
arations of L-proline with [a], = —85.8° and —85.9° were made. On 
catalytic hydrogenation of the latter, followed by hydrolysis with dilute 
hydrochloric acid and treatment with silver carbonate and hydrogen sul- 
fide, preparations of p-proline with [a], = +86.1° and +86.2° were made.’ 

Table I lists the various derivatives of proline. 


EXPERIMENTAL 


Compounds—».-Prolinamide was prepared as described (14). N caleu- 
lated 24.5, found for several preparations 24.2, 24.4, 24.4, 24.4, 24.5. 
Acetyl-L-proline was prepared by treating a solution of L-proline in the 
10-fold amount of boiling acetic acid with exactly 1 mole of acetic anhy- 
dride (Baker’s). After evaporation of the solvent, the product was crys- 
tallized from acetone. The melting point was 118° corrected; [a], at 
23° for a 2 per cent solution in water was —115°. N calculated 8.9, found 
8.9; yield 60 per cent of theory. Earlier data for this compound gave a 
melting point of 115-117° and [a], = —106.7° (16). 


? However, the success in obtaining the optically pure enantiomorphie carbo- 
benzoxy derivatives only after completely removing the ammonia does not 
necessarily imply that the supposition under which this step was taken was correct. 
Preliminary attempts to prepare carbobenzoxy-.-prolinamide by treating L-proline 
with carbobenzoxy chloride in an alkaline medium containing ammonia were ap- 
parently unsuccessful, although it was realized that the duplication of an enzymatic 
hydrolysis mixture was not feasible. After the expenditure of some time and effort 
before the simple device of removing one of the products of the reaction was 
adopted, we are inclined to agree with the rueful comment of Fischer and Reif (15) 
in their paper on proline: “er zeigt...dass man bei der Benutzung der fiir 
die Synthese von Polypeptiden bekannten Reactionen auf mancherlei Ueberraschun- 
gen gefasst sein muss.”’ 

* We have found that the simplest method of preparing p.-proline is to treat a 
boiling solution of L-proline in glacial acetic acid with 2.5 equivalents of acetic an- 
hydride (Baker’s). On removal of the solvent in vacuo, the residual acetyl-pL- 
proline can be readily crystallized in 60 per cent yield from acetone and possesses no 
observable optical rotation; m.p. 106°. The acetyl group is removed by refluxing 
with the 10-fold amount of 2 nN HCl. After evaporation in vacuo to dryness, the 
residue is crystalline pu-proline hydrochloride, which can be recrystallized from 
methanol-ether. 


t 
rted | 
uite | 
this | 
ide | 

| 
| 
s to | 
sful. | 
the 
LOXY 

in 
ion. 
rom 
eat- 
ond 
car- 
y-L- 
1 of | 
red 
ugh 
line 
ro- 
sof | 
an 
uld 
line 
nia 
XV- 
bo- 
the 
ivl- 
ing 
l-L- 
line 
ling 
ited 
pa- 
1¢se 


84 ENZYMATIC RESOLUTION OF PROLINE 


L-Prolinamide was synthesized by the same procedure as that for the 
racemic form (14). The over-all yield was 20 per cent of theory. The 
melting point of this compound was 99°. N calculated 24.5, found 24.4. 
The hydrochloride was prepared by dissolving the amide in methanol, 
adding the theoretical amount of 5 n HCl, and evaporating to dryness. 
After recrystallization from methanol-ether, the compound melted at 182°; 
[a], for a 2 per cent solution in ethanol at 23° = —70.7°. N calculated 


TaBLe I 
Physical Properties of Proline and Derivatives 


Compound [aly | M.p.* 
degrees | °c, 

Of 106 
L-Prolinamide- HCl. | —70.7} 182 
| Ot | 104 
Carbobenzoxy-L-prolinamide........ ............. | —33.8$ 
Carbobenzoxy-p-prolinamide | +33.9¢ | 94 
Carbobenzoxy-pt-prolinamide ot 117 
-Prolinamide picrate$..... | | 200 


* All values corrected. 

t 2 per cent solutions in water at 23°; 2 dm. tube. 

t 2 per cent solutions in ethanol at 23°; 2 dm. tube. 

§ Prepared by mixing the amide with an equivalent amount of a saturated solu- 


tion of picric acid in water, with subsequent crystallization of the product from 


ethanol. 


18.6, found 18.5; Cl calculated 24.2, found 24.0; yield nearly quantitative. 
A melting point of 173-175° has been reported for this compound (17). 
Carbobenzoxy-pL-prolinamide was prepared by dissolving 5.7 gm. of 


pL-prolinamide in 50 cc. of chilled 2 N NaOH and adding in several portions _ 


and with shaking 10 gm. of carbobenzoxy chloride. The product appeared 


almost immediately in solid crystalline form. It was filtered by suction — 
and washed several times with cold water. After being dried, it was — 
crystallized twice from ethyl acetate in the form of needles; yield 65 per — 


cent of theory. M.p. 117°; N calculated 11.3, found 11.2. The product 
possessed no observable optical rotation. The corresponding carbobenz- 
oxy-L-prolinamide was prepared in the same way from L-prolinamide. The 
melting point was 94°; [a], for a 2 per cent solution in ethanol at 23° was 
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—33.8°. N found 11.2. A similar preparation, made in the presence of 
equivalent amounts of ammonium chloride and L-proline was obtained in 
about the same yield (60 per cent) and had a melting point of 94°; N 11.2, 
and [a], = —33.5°. There was no apparent racemization brought about 
by the carbobenzoxy chloride reagent. 

Chloroacetyl-pi-proline was prepared in the usual manner with chloro- 
acetyl chloride in chilled NaOH solution. After acidification, the solution 
was extracted twelve times with ethyl acetate, the extracts were dried 
over sodium sulfate, and the solvent was removed. The residue was re- 
crystallized twice from acetone-ether as needles. M.p. 88°; N calculated 
7.3, found 7.3; yield 45 per cent of theory. The corresponding chloro- 
acetyl-L-proline was prepared in the same way. M.p. 112°; [a], for a 2 
per cent solution in water at 23° was —114°. N found 7.3; yield 32 per 
cent of theory. 

Preparation of Amidase—Fresh, frozen hog kidney was thawed and de- 
fatted and then ground in a Waring blendor with 3 times its weight of 
cold distilled water. The extract, after centrifugation at 2500 r.p.m., hy- 
drolyzed a 0.05 m solution of pi-prolinamide at pH 8.0 at a rate of 0.5 um 
per hour per mg. of N. The extract at pH 6.8 was brought to —7° and 
alcohol concentration of 15 per cent and centrifuged in the Sharples centri- 
fuge. The precipitate was discarded. The supernatant fluid was brought 
to pH 5.7 and again centrifuged, the precipitate being discarded. The 
fluid was then adjusted to —15° and an alcohol concentration of 30 per 
cent and centrifuged, the precipitate again discarded. The pH of the 
supernatant fluid was lowered to 4.6, and the sediment, which is the active 
enzyme, was centrifuged and suspended in water at pH 6.8 ready for use. 
The activity of this preparation toward p.L-prolinamide was about 2 um 
per hour per mg. of N, or roughly a 4-fold concentration in activity over 
the crude extract. However, it was noted that the rate of hydrolysis with 
this preparation markedly increased with increase in concentration of the 
substrate up to 0.25 m, at which the rate was approximately 19 ym per 
hour per mg. of N (Fig. 1). The optimum pH for the hydrolysis of the 
amide was at about 8.0, as shown in Fig. 2. Finally, tests on the prolonged 
incubation of pi-prolinamide with an excess of this kidney enzyme prepa- 
ration showed that the reaction went completely to 50 per cent hydrolysis 
of the racemate, corresponding to complete hydrolysis of the L-amide and 
no action on the p-amide. It was therefore considered that this enzyme 
acting upon a 0.25 m solution of pt-prolinamide at pH 8 would be a suitable 
agent for the resolution. 

Resolution of pi-Prolinamide—28.5 gm. of pt-prolinamide were dissolved 
in water and brought to pH 8.0 by addition of acetic acid. 300 cc. of 
enzyme preparation (about 3.0 mg. of N per cc.), derived from 3.5 kilos of 
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hog kidneys, were added; the mixture was made up to 1 liter with water 
and incubated at 38°, the progress of the hydrolysis being followed on 
aliquots at intervals (a) by determination of the ammonia produced and 


(b) by determination of carboxyl nitrogen liberated by the Van Slyke | 


ninhydrin-CO, procedure. It was found that the hydrolysis was nearly 
complete in 24 to 30 hours of incubation. At this stage, 50 to 100 cc. 
more of the enzyme preparation were added, and the digestion was allowed 
to continue for about another 30 hours. The course of a typical hydrolysis 
is shown in Fig. 3. The ninhydrin estimations generally read slightly 
higher than 50 per cent because of increase in the blank value of the enzyme. 
The results for ammonia generally are a little low, owing to loss of this 
base from the solution. There was, however, no detectable change in 
either of these values in the last 24 hours of incubation, and the reaction 


0125 025 7.0 80 9.0 
MOLARITY OF AMIDE pH 
Fie. 1 Fia. 2 


Fic. 1. Effect of increasing substrate concentration on the rate of hydrolysis of 
pL-prolinamide by a hog kidney amidase preparation at pH 8.0. 

Fig. 2. Effect of pH on the hydrolysis of pi-prolinamide by a hog kidney amidase 
preparation. 
could be considered complete after 50 to 60 hours. The incubation mix- 
ture was brought to pH 5 with acetic acid and deproteinized with norit. 
The clear filtrate contains L-proline, ammonia, and p-prolinamide. 

Separation of Isomers—The deproteinized solution was evaporated in 
vacuo to 300 cc. and brought to pH 10.5 by addition of saturated potassium 
carbonate solution. A vigorous stream of nitrogen was blown through the 


solution for several hours until all of the ammonia was removed. The | 


solution was then chilled in ice and shaken with successive amounts of 


60 to 70 gm. of fresh carbobenzoxy chloride. This treatment took 40 — 


minutes, during which period a white, oily product separated. This was 
the carbobenzoxy-p-prolinamide. Addition of a small amount of ether 


generally brought the product to crystallization.4 It was filtered with 


‘When an unusually large excess of carbobenzoxy chloride was used, the addition 
of much ether at this point caused the carbobenzoxy-p-prolinamide to pass into 
solution. Evaporation of the ether solution resulted in crystallization of the pure 


compound. 


—_ 


| 
20 
2.0 
\ 
\ 
d 
N 
t 
| a 
Cc 
n 


D. HAMER AND J. P. GREENSTEIN 87 


suction and washed with cold water. The filtrate and washings were 
combined and washed with ether, the ether discarded, and the aqueous 
layer acidified to pH 1.5 with concentrated HCl. A white, oily emulsion 
of carbobenzoxy-L-proline appeared. This was extracted into ether, and 
the compound was obtained as a viscous liquid after drying the solution 
and evaporating the solvent. The dried oil weighed about 10 to 12 gm. 
and, if pure, would correspond to 35 per cent of theory. The product 
has thus far resisted every effort to bring it to crystallization. 

The precipitate of carbobenzoxy-p-prolinamide was dried and recrystal- 
lized from ethyl acetate as needles. The yield was 6 to 8 gm. or about 
20 to 25 per cent of theory. In three successive resolutions, the melting 
point of this product was 93°, 94°, and 94°; [a], at 23° for 2 per cent solu- 
tions in ethanol, +31.0°, +33.6°, and +33.9°, respectively; N found, 11.2 
per cent for all three. The lower value of the first product may have been 


100 
50+ 

i 
30 50 
TIME (HRS.) 


Fic. 3. Time-course of the hydrolysis at pH 8.0 of pi-prolinamide by a hog kid- 
ney amidase preparation. Substrate concentration 0.25 m. @, van Slyke deter- 
minations; O, ammonia determinations; FE, point at which additional enzyme added. 


due to incomplete removal of ammonia. It nevertheless yielded a pure 
specimen of p-proline. 

The carbobenzoxy-p-prolinamide samples were dissolved in 10 times their 
weight of methanol, about 2 equivalents of 1 N HCl were added, and the 
solution was treated with hydrogen in the presence of palladium black. 
When the reaction was over, the solution was filtered and evaporated to 
dryness in vacuo. The residue was dissolved in 10 times its weight of 1 
nN HCl, refluxed for 2 hours, and evaporated to dryness in vacuo. The 
residue was dissolved in 50 times its weight of distilled water, and the solu- 
tion treated carefully and shaken with solid silver carbonate in slight ex- 
cess. When there was no further reaction, the silver salts were filtered 
and washed with cold water. The combined filtrate and washings were 
saturated at 25° with H,S, and the silver sulfide was removed by filtration 
with the aid of norit. The filtrate was evaporated to dryness in vacuo 
and the solid residue dissolved in boiling alcohol. After filtration and 
cooling, the alcoholic solution deposited crystalline p-proline in a yield of 
nearly 50 per cent of theory, based on the carbobenzoxamide. Two prep- 
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arations made in this way yielded [a], for 2 per cent solutions in water 
at 23° = +86.1° and +86.2°. N calculated 12.2, found 12.2, 12.2. 

The oily carbobenzoxy-t-proline was dissolved in methanol, treated with 
a few drops of glacial acetic acid, and catalytically hydrogenated with 
palladium black as above. The solution was evaporated to dryness in 
vacuo, and the residue crystallized twice from alcohol. Two preparations 
made in this way yielded [a],, for 2 per cent solutions in water at 23° = 
—85.8° and —85.9°. The yields were about 30 per cent of theory, based 
upon pDL-prolinamide taken. N found 12.2, 12.2.5 

When the ammonia was not completely removed prior to the carbo- 
benzoxylation, 16 to 22 gm. of carbobenzoxyprolinamide were isolated 
(50 to 75 per cent of theory), [a], ranging from almost 0° to +25°, and 
N in every case close to the theoretical of 11.3 per cent. When one of 
these products with nearly zero optical rotation and melting point of 115° 
was catalytically hydrogenated and worked up as described, proline was 
readily obtained and possessed an optical rotation close to zero; N found 
12.2. The carbobenzoxyprolinamide taken was unquestionably racemic. 


It was also observed in several instances that the yield of carbobenzoxy- | 


L-proline was generally lower the lower the optical rotation of the carbo- 
benzoxyprolinamide product. However, the carbobenzoxyproline obtained 
in these cases invariably yielded practically pure L-proline on catalytic 
hydrogenation. With two resolutions in which completely racemic carbo- 
benzoxyprolinamide was obtained, no carbobenzoxy-L-proline could be iso- 
lated. It would appear that the optically inactive carbobenzoxyprolin- 
amide was formed in part at the expense of the L-proline in the medium 


rather than by a direct racemization of the p-prolinamide by carbobenzoxy _ 
chloride. The yields of racemic carbobenzoxyprolinamide should thereby _ 


be higher than those of pure carbobenzoxy-p-prolinamide and this was 
indeed so; e.g., 50 to 75 per cent for the former and 20 to 25 per cent for 
the latter. It seems likely, therefore, whatever the explanation may be, 


5 A sample of the L-proline obtained by the resolution was subjected to the action 
of p-amino acid oxidase by the method described (18). A maximum of 2 um of the 
thousand employed in the test was oxidized by the preparation, corresponding to 
an amount of p-proline contamination no greater than 0.2 per cent. All of the com- 
mercially available specimens of L-proline (Nutritional Biochemicals Corporation) 
which formed the starting material for the resolution contained this same proportion 
of material oxidizable by p-amino acid oxidase. Whether this material, whatever 
its nature, was carried through the resolution procedure and remained with the 1 
enantiomorph, or whether the fact that carbobenzoxy-.-proline could only be iso- 
lated from the resolution mixture as a non-crystallizable oil, and hence might not 
have been completely separated from traces of the enantiomorph, cannot be decided 
at this time. The analogous test for the presence of possible L-proline contamina- 


tion in the p-proline preparations could not be performed because of the inability — 


of snake venom to oxidize L-proline at a suitable rate. 
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that the critical step for the preparation of the optically pure p enantio- 
morph, and of adequate amounts of the L enantiomorph, is the complete 
removal of ammonia prior to carbobenzoxylation. 


SUMMARY 


pL-Prolinamide was subjected at pH 8.0 to the action of a hog kidney 
amidase preparation which showed no further reaction when half of the 
racemate was hydrolyzed. The mixture of L-proline, ammonia, and p- 
prolinamide was deproteinized, and the ammonia completely removed in 
alkaline solution. Carbobenzoxylation resulted in the preparation of car- 
bobenzoxy-L-proline as a non-crystallizable oil and crystalline carbobenz- 
oxy-D-prolinamide with [a], = +33.9°. Catalytic hydrogenation of car- 
bobenzoxy-L-proline yielded with [a], = —85.8° and —85.9°. 
Similar treatment of carbobenzoxy-p-prolinamide, followed by dilute acid 
hydrolysis, and treatment with silver carbonate and hydrogen sulfide, 
yielded p-proline with [a], = +86.1° and +86.2°. 
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THE CHROMATOGRAPHIC SEPARATION OF PHOSPHATASES 
IN SNAKE VENOMS* 


By R. O. HURST anv G. C. BUTLER 
(From the Department of Biochemistry, University of Toronto, Toronto, Canada) 


(Received for publication, June 6, 1951) 


This report describes a method of preparing samples of phosphodies- 
terase suitable for some chemical studies of desoxyribonucleic acid. <A 
study of the use of purified phosphodiesterase in hydrolyzing thymonucleic 
acid has already been made (1). 

The source of our phosphodiesterase (snake venoms) was suggested by 
the work of Gulland and Jackson (2), although it now seems to us that 
their conclusions were misleading. Since the venoms of some snakes 
would not hydrolyze monophenyl phosphate, they concluded that phos- 
phomonoesterase was absent. In a subsequent paper (3), however, they 
showed that these same venoms would hydrolyze adenosine- or inosine- 
5-phosphate and named the enzyme responsible ‘‘5-nucleotidase.”’ 

Acting on the conclusion of Gulland and Jackson, we tested the action 
of “stypven’' on magnesium oligonucleotide from thymonucleic acid. It 
liberated very little inorganic phosphate, while lvophilized Russell’s viper 
venom from another source? did so very actively. A possible clue to this 


| difference in activities was afforded by the statement of Burroughs Well- 


come that their material had been subjected to a bacterial filtration. It 
seemed possible that phosphomonoesterase had been removed selectively 


_ by this procedure. The work described below arose out of our investi- 
gation of the result of filtration through a Seitz filter on solutions of lyo- 


philized snake venoms. 


M alerials and Methods 


Magnesium oligonucleotide was prepared by the method of Little and 
Butler (4). 

The Russell’s viper venom, rattlesnake venom, and intestinal phosphatases 
were those described by Hurst et al. (1). 

Measurement of Phosphodiesterase Activity—2 ml. of the enzyme solu- 
tion and 10 ml. of a 0.5 per cent solution of magnesium oligonucleotide 
in 0.05 m veronal buffer, pH 9.0, were incubated at 37°. 1 ml. samples 

* Presented in part before the American Society of Biological Chemists (Federa- 
tion Proe., 10, 201 (1951)). 


Burroughs Wellcome and Company preparation of Russell's viper venom. 
*The Haffkine Institute, Bombay, India. 
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were withdrawn at 2 and 4 hours and each was analyzed for total and | tion 
“uranium-soluble” phosphate by the method of Hurst et al. (1). tion 


Measurement of Phosphomonoesterase Activity—2 ml. of the enzyme solu- acti 
tion and 10 ml. of a 0.3 per cent solution of adenosine-5-phosphate in 0.05 jar; 


Taste I 
Hydrolysis of Magnesium Oligonucleotide by Various Preparations of Russell’s Viper — 
Venom 
Inorganic Organic 
0.1% “ 9% NaCl filtered* 3 times... 44 | @.1 
0.1% in H,O filtered and washed with H;O.............. | os i @s 
eluted “ 0.01% NaCl. 1.8 78.8 
0. 1% “ “ 9% 41.4 %.3 


* Seitz filter. 


Taste II 
Chromatographic Separation of Phosphatases in Snake Venoms 


Adsorbent in column | Snake venom wo | 
| | HO alt Ra! Total 
Seits Glter pad | Ruseell’s viper | 3.62 0.05 2.78 4.75 
Absorbent cotton “ | 8.56 | 0.38 1.32 | 10.26 
| 5.80 3.16 2.66 | (11.62 
Rattlesnake 5.75 3.67 4.52 13.93 
| | | 278 | 


— ty and the volume of solution. 


m veronal buffer, pH 9.0, were incubated at 37°. Magnesium sulfate was disso 
added to give a final concentration of 0.009 m. 1 ml. samples were with- iter 
drawn at 2 and 4 hours, added to 1 ml. of 2 N acetic acid to stop the en- If 
zyme activity, and then analyzed for total and inorganic phosphate. of th 

Preliminary Experiments—When lyophilized Russell’s viper venom was Wh¢ 
dissolved in 9 per cent sodium chloride solution and passed through 4 fijte, 
Seitz filter, more monoesterase than diesterase was removed from the solu-— resul 
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tion. By repeating this filtration six or seven times with the same solu- 
tion and the same filter pad, we were able to reduce the monoesterase 


activity of the solution and obtained enzyme preparations that were simi- 
jar in enzyme activity to the “stypven.” 


- 
q 
sir 
- 
= Ta 
0.1% NeCci 1% WNeci 


VOLUME OF ELUATE IN ML 


Fic. 1. Chromatogram obtained with 10 mg. of lyophilized Russell’s viper venom 
dissolved in 10 ml. of water and adsorbed on a column of 1 gm. of Whatman No. 5 
filter paper 10 X 0.8 sq. cm. Rate of flow, 1 ml. per minute. 


If the lyophilized Russell’s viper venom was dissolved in water, filtration 
of this solution through a Seitz filter removed all the phosphatase activity. 
When sodium chloride solutions were subsequently passed through the 
filter, the enzyme activity reappeared in the filtrate (Table I). These 
results indicated that the phosphatases were adsorbed on cellulose from 
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aqueous solutions and might be eluted differentially by salt solutions. 
We therefore attempted a proper chromatographic separation of the two ) 
phosphatases. 

Chromatography—Shredded Seitz filter pads, absorbent cotton, and 
shredded filter paper (Whatman No. 5) were used to prepare three differ- 
ent types of cellulose column. Fractional elution from each was obtained 
with different concentrations of sodium chloride and the amount of pro- 
tein in the resulting solution was measured spectrophotometrically (E£ at 
2800 A). Some typical results are shown in Table II. 

Columns of shredded filter paper seemed to give the best results and 


they have been generally used. In a typical experiment 10 mg. of lyo- 


Taste Ill 
Phosphatase Activities of Fractions Obtained by Chromatography of Snake Venoms | 
| cent hydrolysis of 
| 
Venom Enzyme preparation Eluent dem | $-phosphate 
| Foun foun | 
Russell’s viper Unfiltered enzyme | 24 97.6 101.7 97.1 100.0 | 
_ Fraction 1 «HO 4.6 42.7 66.2 0.0 0.0 
0.1% NaCl | 1.9100.0100.3 0.0, 0.0 
3 NaCl 2.3 38.2 56.5 97.1100.1 
Rattlesnake Unfiltered enzyme 13.6 97.6) 98.3 100.0/100.0 
Fraction 1  #H,O 6.0 17.9 7.4 
NaCl | 1.9 88.2100.0 5.6 14.8 
NaCl | 2.7, 61.5, 87.4 39.8) 72.2 


graphed on a column 10 X 0.8 sq. em. prepared from 1 gm. of shredded | 
filter paper. If the solutions did not flow through sufficiently rapidly (1 
ml. per minute) by gravity, pressure was applied. The results of one such 
experiment are illustrated in Fig. 1. When lyophilized rattlesnake venom — 
was treated in the same way, a similar chromatogram resulted. 
The most concentrated samples in each fraction were combined and — 
tested for phosphatase activities; the results are summarized in Table IIL 
It can be seen that with both venoms Fraction 3 had some phosphodies- 
terase action, but the results recorded for this have little quantitative 
significance. It is difficult to assay a phosphodiesterase in the presence 
of a large amount of phosphomonoesterase, because one of the products of | 
diesterase action is rapidly broken down by the monoesterase, and this 
will have the effect of activating the diesterase. : 
Fractionations of Russell’s viper venom have been carried out on a- 
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scale 20 times as large as the one described above. 200 mg. of lyophilized 
venom were chromatographed on a column of shredded filter paper 20 cm. 
long X 3.5 cm. in diameter. In this case most of the diesterase appeared 
in the first (water) fraction. A sample of this fraction completely hy- 
drolyzed magnesium oligonucleotide to mononucleotides in 1 hour, while a 
similar sample effected only 0.3 per cent hydrolysis of adenosine-5-phos- 
phate in 18 hours. Phosphodiesterase preparations such as this have been 
used with good results in our work. 


DISCUSSION 


The optimum pH of the phosphodiesterase of Russell's viper venom, 
acting on a 0.3 per cént solution of magnesium oligonucleotide in the 
presence of 0.05 m veronal-carbonate buffer, was found to be 9.3. The 
monoesterase from the same venom, acting on a 0.3 per cent solution of 
adenosine-5-phosphate in the presence of 0.05 m veronal-carbonate buffer 
and 0.01 Mm magnesium sulfate, was most active at pH 8.4. Our estimate 
of the pH optimum of the diesterase is very different from that of 8.3 
obtained by Gulland and Jackson (2) for the same enzyme acting on so- 
dium diphenyl! phosphate. Our results indicate that for hydrolyzing otigo- 
nucleotides to mononucleotides with the phosphodiesterase from Russell’s 
viper venom the best results could be expected if the hydrolysis were 
carried out at pH 9.3. 

It was necessary to use adenosine-5-phosphate as the substrate in meas- 
uring phosphomonoesterase activity because of the great specificity of the 
enzyme for this substrate. We found, as did Gulland and Jackson (2, 3), 
that in the case of both Russell’s viper and rattlesnake venom a-glycero- 
phosphate, monophenyl phosphate, and adenosine-3-phosphate were not 
dephosphorylated after prolonged digestion. On the other hand each of 
the four mononucleotides obtained on hydrolysis of thymonucleic acid was 
as rapidly and completely dephosphorylated as was adenosine-5-phos- 
phate. This indicates that the desoxyribonucleotides are 5-phosphates, a 
conclusion reached by Carter (5) for similar reasons. 

Attempts were made to separate the intestinal phosphatases obtained 
from calf duodenum and dog feces by our technique, but they failed. Al- 
though separate fractions were obtained, no change in the relative dies- 
terase and monoesterase activities could be effected. Von Euler and Fono 
(6) investigated intestinal phosphatases and obtained indirect evidence 
for the existence of two different phosphatases in their preparations. Our 
results, on the other hand, are compatible with the view held by other 
workers (see (6)) that there is in extracts of duodenal mucosa a single 


this phosphatase with a dual action. 


There is ample evidence, aside from the results of chromatography, 
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that the phosphomonoesterase of the two venoms that we have studied is 
different from that in intestinal phosphatase preparations. They differ 
in specificity and in the effect of arsenate upon them. Hurst ef al. (1) 
showed that arsenate inhibited the monoesterase of intestinal phosphatase, 
but that arsenate had no such action on the monoesterase of snake 
venoms. 


SUMMARY 


) 


By adsorption on cellulose columns and fractional elution with sodium — 
chloride solutions, a phosphodiesterase free of 5-nucleotidase has been pre- | 


pared from the venoms of Russell’s viper and a rattlesnake. 


This work was supported in part by grants from the National Research 
Council of Canada. 
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SYNTHESIS OF PROLINE AND HYDROXYPROLINE 
PEPTIDES; THEIR CLEAVAGE BY PROLINASE* 


Br ROBERT E. NEUMAN? anv EMIL L. SMITH 
(From the Laboratory for the Study of Hereditary and Metabolic Disorders, and the 
Departments of Biological Chemistry and Medicine, University of 
Utah College of Medicine, Salt Lake City, Utah) 


(Received for publication, June 25, 1951) 


Two types of peptidases are known to hydrolyze peptides containing 
proline and hydroxyproline. The first of these, prolidase (1-3), attacks 
peptide bonds involving the nitrogen of the imino acids in the typical 
substrates, glycyl-L-proline and glycylhydroxy-u-proline. The individu- 
ality of this enzyme has already been demonstrated by purification and by 
specificity studies. ‘The second enzyme, named prolinase (4, 5), has been 
stated to be specific for proline peptides such as prolylglycine and has been 
observed in yeast (4), in glycerol extracts of several animal tissues (5), 
and in aqueous extracts of muscle tissue (6). However, little is known of 
the properties and specificity of this enzyme. In this communication, 
further evidence will be presented which indicates that prolinase is dis- 
tinct from other well characterized peptidases of animal tissues. 

It had previously been found that the hydrolysis of prolylglycine is 
activated by Mn** (6-8). We have now observed that the splitting of 
related dipeptides containing either L-proline or hydroxy-.-proline is acti- 
vated not only by Mn**, but also by Cd**. Since cadmium ion is a po- 
tent inhibitor of other peptidases, this finding provides a useful aid in the 
characterization of prolinase. 

The synthesis by the carbobenzoxy method of a number of new peptides 
and derivatives which contain L-proline and hydroxy-t-proline is also 
described. 

Enzymatic Studies 

Preparation of Prolinase—The enzyme was obtained from fresh swine 
kidney cortex which was coarsely ground in the cold in a meat grinder. 
To each 100 gm. of the mince were added 200 gm. of chipped ice and water 


and the mixture was homogenized at low speed for 1 minute in a Waring 
blendor. The preparation was centrifuged and the supernatant brought 


* This investigation was aided by research grants from the National Institutes 
of Health, United States Public Health Service. 

t This investigation was performed during the tenure of a Life Insurance Med- 
ical Research Fund Fellowship. 
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to pH 7.0 with m sodium hydroxide. An equal volume of 95 per cent 
ethanol at or below —20° was then added to the crude extract. The mix- 
ture was immediately centrifuged in the cold, the supernatant discarded, 
and the precipitate resuspended in 50 per cent ethanol at —20°. The 
preparation was again centrifuged, the supernatant discarded, and the 
precipitate suspended in a small volume of cold water and dried from the 
frozen state. 

The dried powder was slightly yellowish and only sparingly soluble in 
water and neutral buffer solutions. Prolinase activity was present both 
in the soluble and in the insoluble portions. For enzyme studies, samples 
of the dried powder were weighed each day. No loss in activity was found 
with the same preparation over a period of 4 weeks. All the enzyme studies 
described below were made with the same type of preparation, found to 
be suitable for the preliminary characterization of prolinase. 

Procedure-——Hydrolytic tests were performed at 40° in 2.5 ml. volumetric 
flasks with the buffered substrates at 0.05 m. Liberated carboxyl groups 
were estimated by the titration of 0.2 ml. samples by the method of Grass- 
mann and Heyde (9). Hydrolysis is given as 100 per cent for the complete 
splitting of one peptide bond. Appropriate controls of the enzyme prepa- 
ration alone showed no autolysis. Incubation of the substrates with and 


without metal ions in the absence of enzyme revealed no detectable hy- — 


drolysis. 


Results 


As shown in Fig. 1, the initial hydrolysis of L-prolylglycine is essentially 
linear and, therefore, may be described by the zero order constant, K°, 
calculated as per cent hydrolysis per minute. Fig. 2 shows that K° is 


proportional to the amount of enzyme over the concentration range tested. — 


The specific activity of the preparation may then be described by the pro- 


teolytic coefficient, C°, calculated as K° per mg. of protein N per ml. It © 


may be noted that the preparation employed in these studies is exceedingly 
active, giving significant hydrolysis in 30 minutes with as little as 0.01 
mg. of protein N per ml. 

The experiments shown in Figs. 1 and 2 were performed in the presence 
of 0.001 m Mn**, since it had already been demonstrated that the hydroly- 
sis of this substrate is activated by this metal ion (6-8). Table I shows 
the effect of other metal ions. It is evident that strong activation was 
obtained only with Mn**+ and Cd**. Weak activation was repeatedly 
found with some of the other cations, but the significance of these findings 
with crude preparations cannot be assessed at present. The activation | 
produced by Mn** is strongly inhibited by such anions as fluoride, pyro- | 
phosphate, citrate, and phosphate. Pyrophosphate is also a powerful 


TEES 


| 
The 
Mn 
teir 
The 
| 


K. E. NEUMAN AND E. L. SMITH gy 


inhibitor of the Cd*+* effect, but citrate and fluoride are only partial in- 
hibitors of this action. This observation seems to exclude the possibility 
that the cadmium activation might be due to a release of bound Mnt+ 
from other material present in the preparation. If this were so, citrate 
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Fic. 1 Fie. 2 


Fic. 1. Hydrolysis of 0.05 m L-prolylglycine at different enzyme concentrations. 
The experiments were performed in 0.04 m veronal buffer at pH 8.0 with 0.001 
Mn**. The enzyme concentrations given for each run are in micrograms of pro- 
tein N per ml. of test solution. 

Fic. 2. Hydrolysis of .-prolylglycine as a function of enzyme concentration. 
The data, which are taken from Fig. 1, are expressed as K®, calculated as per cent 
hydrolysis per minute. 


TaBie I 
Effect of Metal Ions and Some Anions on Prolinase 
The substrate was 0.05 m L-prolylglycine. The tests were performed at 40° in 
0.04 mt veronal buffer at pH 8.0. The metal ions were present at 0.001 m and the 
anions at 0.01 m. Hydrolysis is expressed at C®, the zero order proteolytic 
coefficient. 


c 


Metal ion + anion 


Metal ion | 
Nore | 32.8 Mn*+ + fluoride | 86 
Mg** 1.3 ‘+ pyrophosphate 1.3 
Hg** 3.2 ‘* + citrate 3.6 
Ba** 3.6 ‘* + phosphate | 3.2 
Zn** 4.7 Cd** + pyrophosphate 0 
Fe** | 5.2 | “+ citrate | 7.8 
Co** 5.9 | ‘+ fluoride | 10.4 
Cu** 5.9 | 
Cd** 18.0 
16.8 
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and fluoride at 0.01 m would be expected to inhibit completely. Attempts | 
to use 0.04 m histidine as a buffer at pH 7.5 to 7.7 gave 40 per cent inhibi- ! 
tion with Mn** and complete inhibition with Cd**. 

It was found that the hydrolysis of L-prolylglycine with the Cd++-acti- 
vated enzyme is also zero order, and results obtained at different enzyme 
concentrations were similar to those already shown for the Mn** enzyme © 
in Figs. 1 and 2. 

No increase in activity of a 3 hour preincubation at 40° with Mn** or | 
Cd** was observed as compared with an immediate assay following mix- 


l l | Lil L l 
: 
LOG CONC. Matt LOG conc. 
Fia. 3 Fig. 4 
Fic. 3. A, activity of prolinase as a function of Mn** concentration; B, as a 
function of Cd** concentration. The substrate was 0.05 m L-prolylglycine in 0.04 
mM veronal buffer at pH 8.0. 
Fig. 4. The effect of pH on the action of prolinase on L-prolylglycine (0.05 m). 
The buffers were used at 0.04 m. The tests with the open symbols were performed 
with 0.001 m Mn**, those with filled symbols with 0.001 m Cd**. 


ture of the components when the enzyme was tested with L-prolylglycine. 
This is in contrast to certain other peptidases, such as leucine aminopepti- 
dase (2) and prolidase (8), for which the activation of the enzyme by the 
metal ion is a slow reaction. The constant C°® values found after a3 
hour preincubation of enzyme and metal ion also demonstrate the stability 
of the enzyme during the usual test period. 

In Fig. 3, A and B is shown the effect of different concentrations of the © 
metal ions. In both cases, increased activity was detectable at 10-5 mu 
concentration of the metal ions and the optimal activation was observed © 
at 10-* m. The strong inactivation found at 0.01 m Cd** is noteworthy | 
in contrast to the slightly diminished effect of 0.01 m Mn**. The value 
for the control without added metal ion indicates that the effective activa- 
tion given by the metal ions was more than 600 per cent. 
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With both Mn** and Cd** the optimal action of prolinase was found at 
pH 8.0 (Fig. 4). The optimum at pH 7.6, reported earlier, was obtained 
with glycerol extracts of swine intestinal mucosa without added metal ion 
and in the presence of phosphate buffer (5); the inhibition of this enzyme 
by phosphate has already been noted (Table I). 

The action of the kidney preparation on a number of other peptides 
containing proline and hydroxyproline is shown in Table II. It is evident 
that significant rates of hydrolysis were found with most of these dipep- 


TaB.e II 
Action of Prolinase on Peptides of Proline and Hydrozyproline 
These tests were performed with 0.05 m substrate at 40° in 0.04 m veronal buffer 
at pH 8.0. The hydrolysis is given as the zero order proteolytic coefficient (C*) 
expressed as per cent hydrolyzed per minute per mg. of protein N per ml. For the 
more sensitive substrates, the enzyme concentration was 0.0256 mg. of protein N 
per ml.; for other substrates, greater amounts of enzyme were used. 


ce 
Substrate 
No activator 0.00imMn** | 0.001 mu Cd** 
1.3 5.0 5.5 
t-Prolyl-u-aspartic acid ................... 1.0 1.8 2.2 
t-Prolyl-8-alanine ......................... <0.1 <0.1 <0.1 
Hydroxy-u-prolylglycine.................... 1.3 11.7 6.5 
Hydroxy-u-prolyl-t-alanine................. 1.3 12.5 6.4 
_... 1.9 8.4 8.3 
0.8 6.2 1.6 
1.7 5.9 2.0 
Hydroxy-.-prolyl-u-aspartic acid........... | 0.7 1.5 1.9 
........... | 0.8 2.9 2.7 


* These compounds are sparingly soluble under the conditions of the test and 
were only partially dissolved at the beginning of the reaction. 


tides. It had previously been observed (2) that hydroxy-t-prolylglycine 
is rapidly hydrolyzed by preparations of swine intestinal mucosa which 
split prolylglycine. The kidney preparation gave similar results and the 
great sensitivity of hydroxyprolylalanine and hydroxyprolylleucine may 
also be noted. 

It is striking that the rate of hydrolysis of practically all the sensitive 
compounds is markedly enhanced by Cd** as well as Mn**. In general, 
the hydrolysis of the prolyl peptides was found to be activated slightly 
more by Cd+*; that of the hydroxyprolyl peptides is activated much more 
by Mnt+ than by Cd++. Although these differences remain to be ex- 
plained, the fact that Mn++ and Cd** are both activators suggests that 
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the same enzyme, prolinase, is probably responsible for the hydrolysis of 
all the sensitive dipeptides listed in Table II. This conclusion is supported 
by the knowledge that other intracellular peptidases are inhibited by Cd**. 
Fruton, Smith, and Driscoll (10) have shown that the aminotripeptidase 
of thymus is inhibited by Cd**. Likewise, carnosinase of swine kidney 
is somewhat inhibited by this ion (11). Leucine aminopeptidase (sub- 
strate, L-leucinamide), prolidase (substrate, glycyl-L-proline), and glycyl- 
glycine dipeptidase (substrate, glycylglycine) in the same swine kidney 
preparation are strongly inhibited by 0.001 m Cd**, as shown in Table IIT. 
These enzymes of kidney, like the similar peptidases of other tissues, are 
all activated by Mn**, although the hydrolysis of glycylglycine is more 
strongly influenced by Co**. It may be noted that the action of leucine 


III 
Effect of Cd** on Some Peptidases of Kidney Cortex 
The tests were made with 0.05 m substrate at 40° in 0.04 m veronal buffer at pH 
8.0. The kidney cortex preparation was used at 0.051 mg. of protein N per ml. 


| Hydrolysis 
Substrate Time | 
| No metal ion 0.001 Mn** 0.001 Cd** 
per cont | percent | per cont 
Glycyl-L-proline . 180 5 16 1 


- 


Contained 0.001 M Cot. 


aminopeptidase and prolidase on their respective substrates in the kidney | 
preparation is much weaker than that of prolinase towards prolylglycine. — 

Although Cd** is generally regarded as an enzyme inhibitor and protein — 
precipitant, we have found two other reports of an activation effect ob- — 
tained with this ion. Edlbacher and Baur (12) noted that Cd++ activates _ 
yeast arginase. A weak activation by Cd++ of the hydrolysis of meta- — 
phosphate by swine liver was observed by Bamann and Heumiiller (13). — 

It is now possible to make a preliminary characterization of the speci- 
ficity of prolinase. The enzyme is clearly distinct from prolidase, as — 
previously indicated by the preparation of purified prolidase with little | 
or no prolinase action (2), and by the present observation of the opposite — 


effects of Cd*+ on the two enzymes. The data in Table II indicate that 


prolinase has a wide spectrum of action on prolyl and hydroxyprolyl di- _ 


peptides, although the nature of the second amino acid residue has a strong 


influence on the rate. The imino nitrogen must be unsubstituted, since | 
trials with several carbobenzoxy dipeptides showed no hydrolysis whatso- | 
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ever, although the corresponding free dipeptides were readily split; this 
was tested with the carbobenzoxyhydroxy-.-prolyl derivatives of L-alanine, 
L-leucine, and L-phenylalanine. The lack of action on L-prolyl-3-alanine 
(Table II) indicates the requirement of an a-amino acid as the second 
residue. 

Further characterization of prolinase must await the preparation of addi- 
tional suitable test compounds and the purification of thisenzyme. Studies 
are planned which should determine whether the enzyme is a dipeptidase 
or an aminopeptidase. This is of evident importance in the development 
of an understanding of the metabolism of collagen which is so rich in the 
imino acids, proline and hydroxyproline. The two enzymes, prolidase and 
prolinase, are the only known animal enzymes which specifically attack 
peptides containing these compounds. 


Preparation of Peptides 
Hydroxy-u-prolyl-L-leucine 


Methyl Ester—Carbobenzoxyhy- 
droxy-L-proline hydrazide (6 gm.) was converted to the azide as previously 
described (2). An ethyl acetate solution of the azide at 0° was added to 
a dry ethyl acetate solution of L-leucine methyl ester prepared from 2.6 
gm. of the hydrochloride (14), and the mixture was allowed to stand over- 
night at room temperature. The solution was washed with water, dilute 
bicarbonate, water, dilute hydrochloric acid, and water. Finally, the so- 
lution was dried over sodium sulfate and concentrated in vacuo to yield 
6.6 gm. of needles. The substance was recrystallized from ethyl acetate 
and ether; m.p., 132-133°. 


CooHaOgN: (392.4). Calculated, N 7.12; found, N 6.90 


above carbobenzoxyhy- 
droxy-L-prolyl-L-leucine methyl ester (3 gm.) was dissolved in 20 ml. of 
methanol and 30 ml. of 0.3 m sodium hydroxide and shaken occasionally 
for 90 minutes at room temperature. The solution was filtered and acidi- 
fied to Congo red. Crystallization occurred upon chilling and scratching. 
The product was recrystallized from ethyl acetate-petroleum ether. Yield, 
2.3 gm.; m.p., 146-147°. 


Cy gH (378.4). Calculated, N 740; found, N 7.56 


H gm. of carbobenzoxyhydroxy-.-prolyl- 
L-leucine were hydrogenated in the presence of palladium black in methanol 
containing | ml. of water and | ml. of glacial acetic acid. The peptide, 
which precipitated during hydrogenation, was dissolved by the addition of 
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water and warming. The catalyst was removed by filtration and the solu- 
tion allowed to stand in the cold. Yield, 0.6 gm. of plates. 


CyH20O.Ny. Calculated. C 54.07, H 8.25, N 11.5 
244.3 Found. “ 54.07, “ 8.56, “ 11.3 
= —62.5° (1% in 1 HCl) 


Ethyl Ester—The carbo- 
benzoxyhydroxy-.L-proline azide from 3.0 gm. of the hydrazide was added 
to L-phenylalanine ethyl ester from 2.9 gm. of the hydrochloride as de- 
scribed above. After standing overnight at room temperature, the solu- 
tion was washed, dried, and concentrated in the usual manner. The 
resulting syrup was crystallized from ethyl acetate-petroleum ether to 
yield 3.5 gm. of needles; these were recrystallized from the same solvents; 
m.p., 102-103°. 


CuHesO,N2 (440.5). Calculated, N 6.36; found, N 6.49 


Carbobenzoxyhydroxy-L-prolyl-L-phenylalanine—2.5 gm. of the above ester 
were dissolved in acetone and 5.7 ml. of m sodium hydroxide. After 60 
minutes at room temperature, the solution was acidified and extracted 
with ethyl acetate, which was washed with water, dried, and concentrated 
in vacuo. The syrup crystallized from ethyl acetate-petroleum ether to 
yield 1.7 gm. of needles which were recrystallized from the same solvents; 
m.p., 134-135°. 


CrHxnOcN2 (412.4). Calculated, N 6.78; found, N 6.55 


H was prepared by hydrogenation 
of 1.5 gm. of the carbobenzoxy derivative as described above. The crys- | 
tals which separated from solution during the process were dissolved by — 
adding water and warming. The solution was filtered and concentrated | 


in vacuo to yield 0.6 gm. of needles. 


CyHywOwWs. Calculated. C 60.40, H 6.52, N 10.1 
278.3 Found. “ 60.19, “ 6.60, “ 10.1 
= —30.8° (1% in 1 HCl) 


Methyl Ester —3.4 gm. of carbo- 
benzoxyhydroxy-L-proline hydrazide were converted to the azide and 


allowed to react with L-alanine methyl ester from 2.0 gm. of the hydro- | 
chloride as described above. After standing overnight at room tempera- | 
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ture, the ethyl acetate was washed, dried, and concentrated in vacuo to a 
syrup which crystallized from ethyl acetate-petroleum ether. Yield, 2.8 
gm.; m.p., 105°. 


CisH1206N (350.4). Calculated, N 7.98; found, N 7.78 


Carbobenzoryhydrozy-t-prolyl-L-alanine—The above ester (2.7 gm.) was 
dissolved in acetone and 9.0 ml. of m sodium hydroxide. After 45 minutes 
at room temperature, the solution was acidified and concentrated under 
reduced pressure. The product crystallized during the process. Yield, 
2.3 gm.; m.p., 194-195°. 


CisH20O<N2 (336.3). Calculated, N 8.33; found, N 8.22 


Hydrozy-.-prolyl-L-alanine—2.1 gm. of the carbobenzoxy derivative were 
hydrogenated in the usual manner. The peptide which crystallized from 
the solution was dissolved by addition of water. The solution was filtered 
and concentrated in vacuo. The substance was recrystallized from water- 
methanol-ethyl acetate. Yield, 1.3 gm. of plates. 


CsH,,O.N:. Calculated. C 47.54, H 6.98, N 13.9 
202.2 Found. ** 47.79, “ 6.83, “* 13.6 
la]3 = —60.3° (1% in water) 


Carbobenzoryhydrory-L-prolyl-L-tyrosine—4.0 gm. of carbobenzoxyhy- 
droxy-L-proline hydrazide were converted to the azide in ethyl acetate 
solution and added to a solution of L-tyrosine ethyl ester from 5.2 gm. of 
the hydrochloride as in previous preparations. The preparation was 
washed and dried in the usual manner. The solution was then concen- 
trated in vacuo to a thick syrup which was dissolved in acetone and 14.5 
ml. of m sodium hydroxide. After 1 hour at room temperature, the ace- 
tone was removed under diminished pressure. The solution was acidified 
to Congo red and extracted with ethyl acetate. The ethyl acetate solu- 
tion was worked up in the usual manner and concentrated tn vacuo. The 
compound crystallized from ethyl acetate-petroleum ether. Yield, 2.0 
gm. of needles; m.p., 134—135°. 


Cr2H»O;N: (428.4). Caleulated, N 6.54; found, N 6.74 


Hydroxy-.-prolyl-.-tyrosine—Hydrogenation of 1.8 gm. of the carbo- 
benzoxy derivative was performed in the usual manner. The peptide 
crystallized in the solution and was dissolved by the addition of water. 
The solution was filtered and concentrated tn vacuo to a syrup which erys- 
tallized from water-methanol. Yield, 1.0 gm. of needles. Brownish dis- 
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coloration was removed with norit A before recrystallization from water- 
methanol. 


CyuHis0;N2. Calculated. C 57.12, H 6.16, N 9.52 
294.3 Found. 57.03, 6.21, “ 9.50 
la]> = —8.7° (1% in water) 


L-Aspartic Acid Diethyl Ester Hydrochloride 


L-Aspartic acid (25 gm.) was suspended in 300 ml. of absolute ethanol 
and a stream of dry HCl was passed through for an hour. After an ad- 
ditional hour at room temperature, the solution was concentrated in vacuo 
with repeated addition of ethanol. The crystalline mass was dissolved in 
ethanol and the treatment was repeated. The crystals were mixed with 
100 ml. of ethanol and collected by filtration after several hours at 0°. 
Yield, 33.4 gm.; m.p., 108-109.5°. The product was recrystallized from 
methanol-ether; m.p., 109-110°. 


C.H,OsNCl (215.6). Calculated, N 6.2; found, N 6.0 
fa]h = +8.1° (1% in water) 


Acid 

Carbobenzoxyhydroxy-L-prolyl-L-aspartic Acid Diethyl Ester—Carbobenz- 
oxyhydroxy-t-proline azide from + gm. of the hydrazide was allowed to 
react in ethyl acetate with aspartic acid diethyl ester from 4 gm. of the 
hydrochloride as described above. After standing overnight at room tem- 
perature, the solution was washed, dried, and concentrated as usual. The 
resulting syrup gave 4.0 gm. of needles from ethyl acetate-petroleum ether. 
The product was recrystallized from ethyl acetate-petroleum ether; m.p., 
81-82°. 


CxuH2sOsN:2 (436.5). Calculated, N 6.42; found, N 6.23 


Carbobenzoxyhydroxy-L-prolyl-L-aspartic Acid—2.5 gm. of the above ester 
were dissolved in acetone and 11.5 ml. of m sodium hydroxide. After 1 
hour at room temperature, the acetone was evaporated in vacuo. The 
solution was acidified to Congo red and extracted three times with ethyl 
acetate. The ethyl acetate solution was washed twice with water, dried 
over sodium sulfate, and concentrated in vacuo. The product crystallized 
from ethyl acetate. Yield, 1.4 gm.; m.p., 166—-167°. 


CizH20OsN2 (380.4). Calculated, N 7.36; found, N 7.31 


Hydroxy-.-prolyl-L-aspartic Acid—Hydrogenation of 1.0 gm. of the | 


above compound produced crystals during the process. These were dis- 
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solved by addition of warm water, and the solution was filtered and 
concentrated in vacuo. A yield of 0.55 gm. was obtained from water- 
ethanol-ethyl acetate. 


C,Hi,O~Nz. Calculated. C 43.81, H 5.73, N 11.4 
246.2 Found. ** 43.75, “ 5.77, “ 11.1 
[a]5 = —23.3° (1% in water) 


Acid 


Carbobenzoxyhydroxy-L-prolyl-L-glutamic Acid Diethyl Ester—This was 
prepared in the same manner as the corresponding aspartic acid compound 
from 4 gm. of carbobenzoxyhydroxy-L-proline hydrazide and 4.1 gm. of 
glutamic acid diethyl ester hydrochloride." The syrup, obtained after 
washing and concentrating, crystallized from ethyl acetate-petroleum 
ether. Yield, 4.3 gm.; m.p., 64.5-66.5°. 


Cr2H300sN2 (450.5). Calculated, N 6.42; found, N 6.23 


Hydroxy-u-prolyl-L-glutamic Acid—3.0 gm. of the ester were dissolved 
in acetone and 11.6 ml. of m sodium hydroxide. After 1 hour at room 
temperature the acetone was evaporated in vacuo. The solution was 
acidified to Congo red and extracted with ethyl acetate. The ethyl ace- 
tate solution was washed, dried, and concentrated. The syrup was hydro- 
genated in the usual way to yield 1.0 gm. of needles. The peptide was 
recrystallized from water-ethanol-ethy] acetate. 


CicH:<OeNz. Calculated. C 46.16, H 6.20, N 10.8 
260.2 Found. “ 46.47, “ 6.19, “ 10.8 
[a] = —35.8° (1% in water) 


Carbobenzoxy-L-phenylalanine (5.0 gm.) was converted to the acid chlo- 
ride (15) and added to a cold dry ether solution of hydroxy-.-proline 
methyl ester from 4.0 gm. of the hydrochloride (2). The reaction mixture 
was permitted to stand overnight at room temperature and the precipi- 
tated hydroxyproline methyl ester hydrochloride was removed by filtra- 
tion. The ether solution was washed with water, dilute hydrochloric 
acid, water, dilute bicarbonate, and water. It was dried and concentrated 
in vacuo to a thick syrup. This was dissolved in acetone and 11 ml. of 
nN NaOH. After 90 minutes at room temperature, the solution was 
washed with water, dried over sodium sulfate, and concentrated in vacuo. 
The syrup was hydrogenated in the usual manner. The filtered solution 
was concentrated in vacuo to a syrup which crystallized from methanol- 
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ether and was recrystallized from methanol-ethyl acetate. Yield, 1.1 gm. 


of the dipeptide. 
CuHwO.N2. Calculated. C 60.40,H6.52,N10.1 


278.3 Found. ** 60.19, 6.74, 10.0 
[a]> = —29.1° (1% in water) 


Proline Benzyl Ester Hydrochloride 


L-Proline (25 gm.) was suspended in 350 ml. of benzyl alcohol and dry — 


HCl was passed through for 1 hour at 0°. The preparation was then 
heated at 85° for 1 hour under reduced pressure to remove water and HC\. 
This procedure was then repeated, and 10 volumes of ether was added to 


the cooled solution. Yield,’ 50.2 gm. of prisms. The crude product is 


satisfactory for synthetic work (2). For analysis, the compound was re-— 


crystallized from ethanol; m.p., 148-148.5°. 


CisH,,O:NCl. Calculated. C 59.63, H 6.68, 
241.7 Found. “* 59.36, “ 6.60 
la]> = —41.6° (1.4% in ethanol) 


We are indebted to Dr. W. J. Polglase for the preparation and descrip- 
tion of this substance. | 


Carbobenzoxy-L-phenylalanyl-L-proline 


Carbobenzoxy-L-phenylalanine (6.0 gm.) was converted to the chloride 
and added to an ethereal solution of L-proline benzy] ester from 6.4 gm. of 
the hydrochloride as described in the preceding synthesis. The prepara- 
tion was worked up in the usual manner and concentrated in vacuo. The 


5. 


resulting syrup was dissolved in acetone and 13 ml. of m sodium hydroxide. — 


After 90 minutes at room temperature, the solution was acidified to Congo 
red and extracted with ethyl acetate. The ethyl acetate solution was 


washed with water, dried over sodium sulfate, and concentrated in vacuo. | 
The product crystallized from ethyl acetate-petroleum ether. Yield, 2.8 © 


gm. of needles. The carbobenzoxydipeptide was recrystallized from ethyl 
acetate-petroleum ether; m.p., 109.5-110.5°. 


CallxOsNe (396.4). Calculated, N 7.07; found, N 6.96 


Attempted hydrogenation of carbobenzoxy-.-phenylalanyl-L-proline 
yielded a crystalline product which appeared to be the impure diketo- 
piperazine as judged by analysis and the observation that the compound 
gave no color with ninhydrin. The tendency of proline derivatives to 
give cyclized products has previously been noted (2, 16). 
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L-Prolyl-B-alanine 
chloride (16) 


from 6 gm. of L-proline was dissolved in an equal volume of ether at 0° 


and added in three portions with 40 ml. of m sodium hydroxide, with cool- 
ing and shaking, to 4.6 gm. of 8-alanine in 40 ml. of 2 m sodium hydroxide. 
After 20 minutes at 0° and 25 minutes at room temperature, the solution 
was acidified to Congo red with 5 m hydrochloric acid. The oil that sepa- 
rated was extracted into ethyl acetate, which was washed with water and 
dried over sodium sulfate. The ethyl acetate was concentrated in vacuo, 
and the syrup allowed to stand under petroleum ether in the cold. The 
product was readily recrystallized from ethyl acetate-petroleum ether. 


Yield, 2.0 gm. of small needles; m.p., 137—138°. 


CisH200sN2 (320.4). Calculated, N 8.74; found, N 8.90 


L-Prolyl-8-alanine—The above compound (1.5 gm.) was hydrogenated 
in the usual manner. The filtered solution was concentrated in racuo 
repeatedly with the addition of methanol. The peptide crystallized from 
methanol. Yield, 0.8 gm. of needles. 


C;H,,0;N:. Calculated. C 51.60, H 7.56, N 15.0 
186.2 Found. “ 51.50, “ 7.81, “ 14.7 
= —61.0° (1% in 0.1 HCl) 


L-Prolyl-L-aspartic Acid 


Carbobenzoxy-t-prolyl chloride from 5 gm. of L-proline was coupled 
with 7 gm. of L-aspartic acid in the presence of 55 ml. of 2 m sodium hy- 
droxide as described above for the similar 8-alanine derivative. The solu- 
tion was acidified to Congo red and extracted with ethyl acetate. The 
ethyl acetate solution was washed with water, dilute hydrochloric acid, 
and water. The solution was dried over sodium sulfate and repeatedly 
concentrated in vacuo with addition of ethyl acetate. The syrup was dis- 
solved in methanol and hydrogenated as usual. The filtered solution was 
concentrated in vacuo. ‘The substance crystallized from water-methanol-. 
ether to give 2.8 gm. of needles. 


Call Calculated. Cc 46.96, H 6.13, N 12.2 
230.2 Found. ** 46.61, “* 6.39, “* 12.0 
lalp = —34.8° (1% in water) 
proline 


Carbobenzoxy-L-prolyl chloride from 5 gm. of L-proline was coupled 
with 4 gm. of hydroxy-.-proline in the presence of 50 ml. of 2. N NaOH as 
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described for the preparation of carbobenzoxy-.-prolyl-8-alanine. The 
solution was acidified and chilled to yield 5.9 gm. of the crystalline prod- 
uct. This substance was recrystallized from ethanol-ether; m.p., 217- 
218.5°. 


CisH2205N2 (362.4). Calculated, N 7.73; found, N 7.85 


Attempted hydrogenation of this product gave an amorphous crude 
preparation of the diketopiperazine. Previous attempts to obtain prolyl- 
proline from the carbobenzoxy derivative also yielded the diketopiperazine 
(2, 16). 

L-Leucyl-.-proline Diketopiperazine 

A cold ethereal solution of carbobenzoxy-.-leucine azide from 4.5 gm. of 
the hydrazide (17) was added to t-prolirie benzyl ester from 4.7 gm. of the 
hydrochloride and allowed to stand overnight at room temperature. The 
product was washed and dried as described for similar couplings and con- 
centrated to a thick syrup, which was allowed to stand at room tem- 
perature for 4 days in 100 ml. of methanol previously saturated with dry 
ammonia at 0°. The syrupy product was repeatedly concentrated in vacuo 
with methanol and then hydrogenated in the usual manner. After re- 
moval of the catalyst, the solution was concentrated to yield 1.5 gm. of 
plates which were recrystallized from water. The product gave analytical 
figures for the diketopiperazine and showed no color with ninhydrin. 


CuHysO2N2 (210.3). Calculated, C 62.80, H 8.63; found, C 62.94, H 8.69 
la]> = —146.7° (1% in water) 


The high rotation is consistent with the conclusion that this product is 
the diketopiperazine. Previous attempts to prepare dipeptide amides 
from carbobenzoxyglycyl-L-prolinamide and carbobenzoxyglycylhydroxy -L- 
prolinamide also yielded the corresponding diketopiperazines (2). 


The following substrates used in this study were prepared as described | 


previously : L-prolylglycine (16), L-prolyl-L-tyrosine (16), hydroxy-.-prolyl- 
glycine (2), glycyl-L-proline (18), and L-leucinamide hydrochloride (19). 


SUMMARY 


1. A highly active and stable dry preparation of prolinase was obtained 
from swine kidney cortex. The enzyme is strongly and optimally acti- 
vated by 0.001 m Mn** and by 0.001 m Cd** but not by the other metal 
ions tested. 

2. The hydrolysis of L-prolylglycine is optimal at pH 8.0 with Mn** or 
Cd** as activators. The activity is proportional to enzyme concentration 
and may be characterized by zero order proteolytic coefficients. 
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3. Several prolyl and hydroxyprolyl peptides are hydrolyzed by pro- 
linase and exhibit marked activation by Mn** and Cd**. Other known 
peptidases are inhibited by Cd**. 

4. The synthesis of a number of peptides which contain proline and 
hydroxyproline is described. These include hydroxy-.-prolyl-.-leucine, 
hydroxy-.-prolyl-L-phenylalanine, hydroxy-.-prolyl-L-alanine, hydroxy-t- 
prolyl-L-tyrosine, hydroxy-L-prolyl-L-aspartic acid, hydroxy--prolyl-L-glu- 
tamic acid, .-prolyl-@-alanine, and 
L-prolyl-L-aspartic acid. In addition, a number of new derivatives of L- 
proline and hydroxy-t-proline are described. 
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THE ASSIMILATION AND DEGRADATION OF 
CARBOHYDRATES BY YEAST CELLS* 
By FRANK W. FALESt 


(From the Department of Physiology, Stanford University School of Medicine, 
Stanford, California) 


(Received for publication, March 28, 1951) 


In a previous paper (1) the results of a preliminary investigation of the 
assimilation and breakdown of glucose during the course of its fermenta- 
tion by living yeast cells were given. Early in the course of the fermenta- 
tion, the formation of usual products was much slower than the 
_ disappearance of the glucose. In other words the products that were 
_ determined failed to account for all the glucose used by the cells. There- 
fore, some of the glucose was in an unanalyzed form. However, as the 
fermentation progressed toward completion, the quantity of glucose in an 
_ unanalyzed form diminished. This failure of the usual products of fer- 
- mentation to account for all the glucose utilized in the initial stage of 
fermentation has been noted by other investigators, but there is little 
agreement as to the reason for the discrepancy. Willstatter and Rohde- 
wald (2) claimed that the sugar was quickly converted to glycogen, which 
— fermented at a slower rate. Kruyk and Klingmiiller (3) investigated the 
_ phenomenon but were unable to account for the disappearance of the 
sugar on the basis of glycogen formation. Fales and Baumberger (1) 
tentatively assume that intermediary products accumulated during the 
initial stage of fermentation. Wertheimer (4) reported in 1929 that a 
large fraction (one-seventh to one-half) of the sugar, not accounted for 
- otherwise during the initial period of fermentation, could be recovered in 
the alkali-insoluble carbohydrate fraction of the yeast cell. This report 
was completely overlooked by later investigators of the problem. 

The purpose of this paper is to report the results of a study of the syn- 
_ thesis and degradation of yeast carbohydrates during exogenous metabo- 

lism in the presence and absence of oxygen and during starvation. The 
total, the alkali-stable, the alkali-soluble, and the alkali-insoluble, car- 
bohydrate fractions were determined during the course of the reactions. 


* This paper is a part of the thesis material submitted by the author in partial 
fulfilment of the requirements for the degree of Doctor of Philosophy. The author 
wishes to express his appreciation to Dr. J. Percy Baumberger for his advice and 
encouragement. 

+ Present address, Department of Biochemistry, Emory University School of 
Medicine, Emory University, Georgia. 
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Also, information regarding the carbohydrate reserves within the yeast 
cells was obtained by determinations of the endogenous fermentation and 
respiration rates of the yeast cells washed free from substrate. These 
experiments confirmed Wertheimer’s report that a large fraction of the 
glucose that disappeared during the initial phase of fermentation was syn- 
thesized into a carbohydrate insoluble in a hot alkaline solution (therefore 
not glycogen). The alkali-insoluble carbohydrate fraction rapidly in- 
creased in concentration during the initial stage of the fermentation, 
reached a maximum, and then decreased during the final stage. This 
carbohydrate which is a constituent of the alkali-insoluble fraction is ap- 
parently identical to the “transient” carbohydrate that is both oxidized 
and fermented endogenously at a rapid rate by the yeast cells (Baumberger 
and Fales (5)). It is of interest that its behavior is similar to that of the 
trichloroacetic acid-soluble fraction of liver and muscle glycogen recently 


reported by Bloom et al. (6); i.c., it is formed and broken down at a faster — 


rate than the alkali-soluble reserve carbohydrate. 


EXPERIMENTAL 
Methods 
Fresh bakers’ yeast (Saccharomyces cerevisiae) containing no binding ma- 


terial was used. In order to reduce bacterial contamination to a mini- | 


mum, the following procedure for the preparation of the yeast suspension 


| 
| 


was adopted. A fresh pound of bakers’ yeast was broken open and yeast — 


from the newly exposed surfaces was selected with a spatula. The yeast 
was weighed, mixed with freshly prepared 0.1 m NaH,PO, solution, and 
washed by centrifugation. The washed cells were then suspended in a 
volume of the freshly prepared phosphate solution to bring the final con- 
centration of the yeast to 0.5 per cent (weight per volume). The micro- 
scopic examination of the suspension that was always carried out at the 
conclusion of an experiment rarely showed gross bacterial contamination. 
In the few instances in which the yeast was found to be contaminated by 
mold or bacteria, the experimental data were discarded. 

In all the experiments to be described, no nitrogen source was available 


and the cells were in the “resting” state; .¢., there was no cell proliferation. 

The fermentation was carried out anaerobically by the method pre-_ 
viously described (1). The suspension was stirred very rapidly with a | 
motor-iriven magnetic stirrer. This insured a homogeneous yeast sus-— 
pension; hence the various determinations could be made on a volume | 


basis, thereby making unnecessary the tedious determinations of dry 
weights. The carbohydrate content of the yeast cells was determined 
with a modified anthrone reagent. Morris (7) demonstrated that Drey- 


wood’s (8) anthrone reagent could be used for the quantitative determina- 
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tion of carbohydrates. The original anthrone reagent was modified so 
that a more convenient range of carbohydrate concentrations could be 
determined. Ethyl alcohol was also incorporated into the reagent, since 
it was found that the colored product was thereby stabilized. The modi- 
fied anthrone reagent was prepared as follows: 0.4 gm. of anthrone was 
dissolved in 200 ml. of ¢.p. sulfuric acid. The acid solution was then 
slowly and carefully added to a flask containing 60 ml. of distilled water 
and 15 ml. of 95 per cent ethyl alcohol. The solution was cooled and 


Taste I 
Absorption Data Showing Wide Range of Wave-Lengths over Which Beer's Law Is 
Followed with Modified Anthrone Reagent 


Optical density tA) 
Wave-length —- --—— Theeretical 2.0 
Glucose* 0.1 mg. (A) Glucose* 0.05 mg. (B) 

450 0.240 0.131 1.83 
475 0.248 | 0.134 1.85 
500 0.262 | 0.136 1.93 
525 0.303 0.156 1.04 
550 0.392 0.180 2.18 
575 0.504 0.24 1.98 
600 0.614 0.309 1.98 
610 0.644 0.322 2.00 
620 0.648 0.326 1.99 
630 0.629 0.316 1.99 
H40 0.576 0.288 2.00 
650 0.508 0.256 1.98 
675 0.332 0.166 2.00 
700 0.220 0.122 1.80 
740 0.152 0.084 1.81 


* All densities are the average of readings on duplicate glucose standards. 
mixed during the addition. 10 ml. of the modified anthrone reagent were 
added to 1 ml. of the sample. The color was developed in a boiling water 
bath by the method of Seifter et al. (9). The optical densities of the 
colored product formed by the modified anthrone reagent with standard 
glucose solutions are shown in Table I. The maximum absorption 
occurred at 620 my and this wave-length was usually used for the deter- 
minations. However, it was advantageous to use a wave-length somewhat 
removed from 620 mg when carbohydrates at a greater concentration than 
expected were encountered. A wave-length of the desired sensitivity 
could be chosen from 575 to 675 mu, since Beer’s law holds over this range 
(see Table I). A Coleman model 11A spectrophotometer was used for 
the determinations. It is felt that the anthrone method is ideal for the 


east 
and 
hese 
the 
syn- 
fore 
in- 
ion, 
Phis 
ap- 
ized | 
the 
ntly 
ster 
ma- 
sion 
east 
east 
and 
in a 
con- 
cTo- 
the 
jon. 
1 by | 
able 
pre- 
ha 
sus- 
ime 
dry 
ined 
rey: 
ina- | 


116 CARBOHYDRATES AND YEAST CELLS 


determination of yeast carbohydrates because it is quite specific and all 
the carbohydrate reacts with the reagent. No comparison was made with 
the results obtained by other carbohydrate methods, since it was felt that 
they are all unreliable. Hydrolysates of yeast cells always contain re- 
ducing material other than reducing sugars. Also there is the danger of 
the destruction of a portion of the reducing sugar during the prolonged 
acid treatment required for the inversion of trehalose and acid-insoluble 


| 


carbohydrate. Gottschalk (10) found that 4 hours hydrolysis with n . 
HC! at 100° was necessary for the trehalose present in compressed yeast. © 


In control experiments with a similar concentration of pure glucose he 
found that heating for 4 hours with N HCl caused 7 per cent of the sugar 


to be lost. Hassid, Joslyn, and McCready (11) found that a 24 hour | 


treatment with fuming HC! at 0° and a 1 hour treatment with 14 per cent — 


HC] at 100° were necessary to hydrolyze an insoluble carbohydrate of 
yeast. It is obvious that a large fraction of the reducing sugar present 
would be destroyed by this drastic treatment. Alcohol-soluble trehalose 
would be undetected if the separation of the carbohydrate from other ma- 
terials were attempted by any modification of the Pfliger method. 

The determination of the total carbohydrate of the yeast cells was car- 
ried out as follows: Duplicate 10 ml. samples were pipetted into 15 ml. 
centrifuge tubes containing 1 ml. of saturated mercuric chloride. It was 
found that this concentration of mercuric chloride completely inhibited 
any further glucose utilization by the yeast cells. The suspensions were 
centrifuged at 3500 r.p.m. for 15 minutes. The supernatant fluid was 


decanted and the tubes were allowed to drain. Care was taken not to — 


lose any of the yeast in the process. The cells were then washed into 50 — 
ml. volumetric flasks. After making to volume and thoroughly mixing © 


by vigorous shaking, 1 ml. aliquots of the yeast cells, diluted five times, 
were withdrawn for the carbohydrate determinations with the modified 


anthrone reagent. After color development, the solutions were always © 


crystal-clear, with no trace of undissolved substances. 
In a number of experiments, a partial fractionation of the yeast car- 
bohydrates was carried out as follows: (1) Three pairs of samples of the 


suspension were prepared and centrifuged as above. One pair of samples | 


was used for duplicate determinations of the total carbohydrate content of 


the yeast cells. After removing the supernatant fluid, 1 ml. of 30 per 


cent KOH was added to each of the other four centrifuge tubes. A glass — 


marble was placed on each to act as a condenser, and the samples were 


digested in a boiling water bath for 30 minutes. Each tube was shaken at — 
intervals during the digestion. (2) After being cooled, the contents of | 
two of the tubes were washed into 50 ml. volumetric flasks for duplicate — 
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determinations of the alkali-stable carbohydrate content of the yeast. (3) 
Water was then added in a quantity of 10 ml. to both of the remaining 
tubes. After mixing by swirling, the insoluble material was centrifuged 
for 15 minutes. The supernatant fluids were decanted into 50 ml. volu- 
metric flasks. Water, together with 1 ml. of 30 per cent KOH, was again 
added to each tube, and the insoluble material again centrifuged. The 
supernatant fluids were decanted into the proper volumetric flasks for 
duplicate determinations of the alkali-soluble carbohydrate fraction. (4) 
Water and 1 ml. of 30 per cent KOH were then added to the residual ma- 
terial in the two centrifuge tubes. By means of a pointed nichrome 
spatula, the material was mixed until homogeneous and then washed with 
water into 50 ml. volumetric flasks. The KOH aided in the dispersion 
of the insoluble material. After making to volume and thorough mixing, 
1 ml. aliquots were withdrawn for the determination of the alkali-insoluble 
carbohydrate fraction. 

As a check on the accuracy of the methods employed, the recovery in 
the carbohydrate fractions was compared with the total carbohydrate 
determined. The total carbohydrate should equal the sum of the alkali- 
soluble, alkali-insoluble, and alkali-labile carbohydrate when the alkali- 
labile carbohydrate equals the total minus the alkali-stable carbohydrate. 

The endogenous respiration rate of the yeast cells at stages in the course 
of the fermentation of a given quantity of glucose was determined as 
follows: (1) A yeast sample was withdrawn from the fermentation vessel 
and quickly cooled by passing it through a long coil surrounded by ice 
water. (2) The yeast suspension was diluted with cold 0.1 m NaH,PO, 
solution, and the cells were quickly centrifuged (2 minutes at 6000 r.p.m.) 
with an angle type centrifuge. (3) The cells were then washed free from 
substrate by mixing with cold phosphate solution and again removing the 
supernatant fluid after centrifugation. (4) The yeast sample was finally 
made to volume with warm (room temperature) phosphate solution and 
the oxygen consumption was determined polarographically by the method 
described by Baumberger (12). A drop of saturated caffeine solution was 
added to suppress the maximum. The polarographic record was started 
10 minutes after the sample was withdrawn. 

The endogenous fermentation rate of the yeast cells was determined by 
a similar procedure. Samples were withdrawn from the fermentation 
vessel and prepared as before, but the yeast was finally made up to volume 
with 0.1 m« NaH,PO, solution at the temperature of the water bath used 
in the carbon dioxide determinations. The anaerobic carbon dioxide pro- 
duction was determined volumetrically by a method modified after Wen- 


nesland (see Umbreit et al. (13). 
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Results 


The carbohydrate fractions of the yeast cells were determined during 
the course of the fermentation of glucose by three different commercial 
brands of bakers’ yeast. The changes in the concentration of the total 


carbohydrate, alkali-soluble carbohydrate, and alkali-insoluble carbohy- © 
drate are shown in Fig. 1. It can be seen that there is a carbohydrate | 


insoluble in alkali in all three yeast strains that is synthesized at a rapid 
rate during the initial, rapid period of glucose utilization and accumulates 


limiting, its concentration decreases. Thus there is a “transient” car- 
bohydrate that is insoluble in alkali that is rapidly synthesized and utilized 
by yeast cells. 


There was a great variation 


capacity to synthesize cellular carbohydrate from glucose. In the experi- 
ment shown in Fig. 1, the low total carbohydrate synthesis by Consumer 


bakers’ yeast was chiefly due to a complete absence in the synthesis of © 


alkali-soluble carbohydrates. Apparently, the only reserve carbohydrate 
synthesized during the anaerobic fermentation was the transient alkali- 
insoluble carbohydrate. Glycogen and trehalose are both constituents of 
the alkali-soluble fraction. 

The alkali-insoluble reserve carbohydrate must therefore be of prime 
importance to the economy of certain strains of yeast, and, at least from 


the evidence derived from the three strains tested, it may be important to | 


all strains. 


| 


within the cells. However, as the concentration of the substrate becomes 


| 


The endogenous fermentation rate of yeast cells, withdrawn from the | 


fermentation mixture 30 and 90 minutes after the glucose was added, and 
the endogenous fermentation rate before the sugar was added were deter- 
mined by measuring the carbon dioxide production of the washed cells. 
The results are shown in Fig. 2. The endogenous fermentation rates of 
the 30 and 90 minute samples were greatly increased over that of the con- 
trol. When the rate of carbon dioxide production was plotted against 
the amount produced, straight lines resulted, indicating that the rate was 
proportional to the substance being metabolized (first order reaction). 
Since the endogenous fermentation rate is proportional to the concentra- 
tion of the metabolite, it is a semiquantitative measure of the substance 
being fermented. With this in mind, it can be seen in Fig. 2 that the con- 


centration of the metabolite was greater in the 30 than in the 90 minute _ 


sample. The material being fermented endogenously, therefore, increased 
in concentration early in the fermentation and then decreased as the fer- 
mentation progressed toward completion, in an identical manner with the 
changes in concentration of the alkali-insoluble reserve carbohydrate. 

The endogenous respiration rate of yeast cells progresses as a first order — 


| 
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— reaction, the rate apparently depending on the concentration of the car- 


bohydrate reserve that is being metabolized (Winzler and Baumberger 
(14), Stier and Stannard (15), and Spiegelman and Nozawa (16)). The 
oxygen consumption rate should therefore measure the concentration of 
the reserve carbohydrate being metabolized. Samples of the yeast were 


_ withdrawn and washed free from substrate at intervals during the course 


of the fermentation and the oxygen consumption rates of the washed cells 


50 TOTAL 
So 
| 
WwW 
WwW 
x 
a- 
6 02 ALKALI INSOLUBLE 
00 
@) 30 60 90 120 Oo 5 00 18 20 25 30 
TIME MINUTES TIME MINUTES 
Fic. 1 Fig. 2 


Fic. 1. The inerease in the concentration of the carbohydrates in yeast cells 
during the fermentation of 500 mg. of anhydrous glucose by 500 ml. of 0.5 per cent 
yeast at 27° + 0.05°. O, Fleischmann; @, Peerless; and @, Consumer bakers’ 


yeast. The alkali-soluble fraction equals that portion dissolved in 30 per cent 
_ potassium hydroxide in } hour of digestion at 100°. 


Fic. 2. The endogenous carbon dioxide production of washed cells withdrawn 
from a fermentation mixture containing Peerless yeast and glucose at the concen- 
trations given in Fig. 1. The samples were withdrawn at the times indicated after 
the sugar was added. 


were determined. The slopes of the polarographic oxygen consumption 
curves are plotted against the time of fermentation in Fig. 3. The en- 
dogenous respiration rates (polarographic slopes) of the cells withdrawn 
after 15, 30, and 60 minutes of fermentation were greatly increased over 


that of the control, indicating that some oxidizable reserve carbohydrate 


was synthesized within the cells during the initial stage of the fermenta- 
tion. However, the endogenous respiration rates of the samples with- 
drawn at 90 and 120 minutes showed decreasing oxygen consumption 
rates, indicating that the concentration of the reserve substance in ques- 
tion was decreasing in concentration. The similarity in the changes in 
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the concentration of the alkali-insoluble reserve carbohydrate and the 
oxygen consumption rate can be seen by comparing the changes in the 
centration of the insoluble carbohydrate fraction of the Peerless yeast 


oO 

al “ 
a 

aq 4 
© 30 #60 90 120 

TIME MINUTES TIME MINUTES 
Fia. 3 Fig. 4 


Fic. 3. The polarographic slopes (oxygen consumption rates) of the control and 


of the washed samples withdrawn from the fermentation mixture containing 500 , 


ml. of 0.5 per cent Peerless bakers’ yeast 15, 30, 60, 90, and 120 minutes after the 
addition of 500 mg. of anhydrous glucose. O, no sodium azide; @, 0.0001 m sodium 
azide; @, 0.001 m sodium azide. 

Fic. 4. The carbohydrate content of the yeast cells and the fermentation liquor 
during the course of the fermentation of 500 mg. of anhydrous glucose by 500 ml. 


of 0.5 per cent Peerless bakers’ yeast in the presence of 0.001 m NaN. O, total 


carbohydrate of the cells; @, carbohydrate in the suspension fluid. 


II 


Correlation between Increase of Alkali-Insoluble Carbohydrate and Endogenous 
Respiration Rate 


Time Insoluble carbohydrate,* increase | 
min me. per mi 

30 0.100 3.60 

60 0.116 3.95 

90 0.073 3.00 

120 0.043 2.10 


Correlation coefficient = 0.997. With null hypothesis, P < 0.01. 
* Data on Peerless yeast shown in Fig. 1. 
t From data shown in Fig. 3. 


in Fig. 1 with the slopes of the oxygen consumption curves in the absence — 
of sodium azide in Fig. 3. It seems likely that the increased respiration | 
rate of the cells can be attributed to the oxidation of this alkali-insoluble — 


carbohydrate. The excellent correlation between the increase in the con- 
centration of the alkali-insoluble carbohydrate and the increase in the 
endogenous oxygen consumption rate is shown in Table IT. 
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The endogenous respiration experiments indicated that the synthesis of 
the readily oxidizable transient carbohydrate was almost completely 
blocked by 0.001 m sodium azide and was partially blocked by 0.0001 m 
sodium azide (see Fig. 3). _Winzler (17) concluded that 0.001 m sodium 
azide blocked the anaerobic assimilation of glucose, since the total carbon 
dioxide production equaled that expected from the Gay-Lussac equation 
for alcoholic fermentation, while in the absence of azide only 67 per cent 
of the theoretical quantity was produced. Determinations of the total 
carbohydrate of the yeast cells during fermentation in the presence of 
0.001 m sodium azide verified Winzler’s conclusion, since there was no 


60 50 
TIME MINUTES MINUTES DAYS 


Fic. 5. The carbohydrates of yeast cells determined at the times indicated after 
the addition of 500 mg. of anhydrous glucose to 500 ml. of 0.5 per cent Fleischmann 
bakers’ yeast. @, total carbohydrate; S, alkali-soluble carbohydrate; J, alkali- 
insoluble carbohydrate; L, alkali-labile carbohydrate. The recoveries in the frac- 
tions are based on the total carbohydrate determined. 


increase in the total carbohydrate. The results of this experiment are 
shown in Fig. 4. 

In one experiment, the anaerobic fermentation was allowed to continue 
for 30 days after all the substrate had been utilized, in order to see what 
minimum concentration the alkali-soluble and insoluble carbohydrate frac- 
tions would reach. The results of this experiment are shown in Fig. 5. 
The alkali-insoluble carbohydrate fell to a level less than half of its original 
concentration and to about a quarter of the maximum concentration at- 
tained 60 minutes after the glucose was added. The alkali-soluble car- 
bohydrate fraction, on the other hand, fell to about three-quarters of its 
original concentration and to three-fifths of the maximum concentration 
attained after 120 minutes of fermentation. ‘There was little change in 
the alkali-labile fraction. 

Microscopic examination of the yeast suspension at the conclusion of 
the experiment revealed no gross bacterial contamination. It can be con- 
cluded, therefore, that the reduction in the concentration of the carbohy- 
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drates was due to the utilization of the stored reserves by the yeast cells. 
The experiment indicates that the alkali-insoluble reserve carbohydrate 
plays a much more important réle in the economy of the cells than either 
glycogen or trehalose (alkali-soluble), at least in the absence of oxygen. 
Glycogen or trehalose can be utilized anaerobically, however, since the 
alkali-soluble fraction definitely attained a lower level after the extended 


period of starvation. It is even possible that all the glycogen and tre-— 
halose were utilized, since yeast-gum is also a constituent of the alkali- — 


soluble carbohydrate fraction. Hashitani (18) concluded that yeast-gum 
cannot be used as a reserve material and its concentration remains con- 
stant during the starvation of yeast cells. 

It is concluded that the alkali-insoluble reserve carbohydrate is the 


most important source of energy for the yeast cells during endogenous | 


fermentation. Hashitani (18) has shown that the concentration of fats 
and proteins may remain constant during the starvation of yeast cells. 
An experiment was performed in which the carbohydrate fractions of 


the yeast cells were determined during the course of the utilization of | 
glucose in the presence and absence of oxygen. After the glucose was | 
added to the yeast suspension, equal portions were placed in separate | 
vessels. Air was continuously bubbled through one suspension and ni-— 
trogen through the other. The gases were first saturated with water, — 


then passed through the suspensions, and finally escaped through a water 
trap. The experiment was carried out at room temperature. 

The results of the experiment are shown in Fig. 6. After 2 hours, the 
alkali-insoluble carbohydrate concentration of the cells had almost. trebled 


in both the aerobic and anaerobic suspensions. During this initial period, — 
carbohydrates of the alkali-insoluble fraction were being synthesized at a — 


faster rate than the carbohydrates of other fractions. Originally, only — 


37.6 per cent of the total carbohydrate was insoluble in alkali. After 2 
hours, the insoluble carbohydrate accounted for 60.8 per cent and 50.8 
per cent in the anaerobic and aerobic cells respectively. This fraction 
was synthesized only to a slightly greater extent in the presence than in 
the absence of oxygen. However, the total oxidative assimilation was 
substantially greater than the fermentative assimilation in spite of the 
fact that only 76.8 per cent as much glucose was utilized during the 2 hour 
period. ‘Therefore, oxidative assimilation is a much more efficient process 


than fermentative assimilation. The increased total carbohydrate content _ 
in the presence of oxygen was due to a slightly greater synthesis of alkali- — 
insoluble carbohydrate, to a substantially greater synthesis of alkali-solu- 
ble carbohydrate, and to a considerable increase in the alkali-labile | 
carbohydrates. The alkali-labile fraction increased 5-fold during the 2 | 


hour period in the aerobic cells. The increase may be due to an accumu- 
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lation of the reducing sugar phosphate derivatives. It is conceivable that 
such an accumulation would occur if the velocity of one of the reactions 


below the hexose phosphate level in the glycolytic chain were reduced 


(Pasteur effect). 

In the period between 2 and 48 hours after the sugar was added, the 
synthesis of the alkali-soluble carbohydrate continued both in the presence 
and absence of oxygen, but to a much greater extent in the aerobic cells. 
The total carbohydrate in the aerobic cells became considerably higher 
than in the anaerobic cells. The concentration of the alkali-insoluble car- 


O. 


GLUCOSE UTIL- 
IZED MG/ML. 1.790 1.376 2.000 2.000 


o 2 


MG. PER ML. 


ANAEROBIC AEROBIC ANAEROBIC AEROE 
O TIME 2 HOURS 48 HOURS 
Fic. 6. The concentrations of the carbohydrate fractions in yeast cells during 
the anaerobic and aerobic utilization of glucose at an initial concentration of 2 
mg. per ml. by 0.5 per cent Fleischmann bakers’ yeast. @, total carbohydrate; 
S, alkali-soluble carbohydrate; 7, alkali-insoluble carbohydrate; L, alkali-labile 
carbohydrate. 


bohydrate decreased in both cases. The alkali-insoluble carbohydrate, 
therefore, is synthesized and degraded both in the presence and absence 
of oxygen. On the surface, it would appear that oxygen exerted little 
influence on the rate of its formation and degradation, since its concen- 
tration varied in a similar manner in the presence and absence of oxygen. 
However, it must be remembered that glucose was being utilized at a 
slower rate aerobically during the initial stage of the reaction. The 
slightly greater oxidative synthesis during this period therefore indicates 
that a significantly larger fraction of the sugar utilized was synthesized 
into alkali-insoluble carbohydrate; 7.e., the energy required for the aero- 
bic synthesis was obtained through the degradation of a smaller fraction 
of the glucose. 

The experiment demonstrated that there is a definite pattern of changes 


lrate | 
gen. | 
> the | 
nded 
tre- 
kali- 
gum 
con- = 
the ~ 
nous 
so 
was e Wy 
irate 7 Z Yy 
rater Y Y Y Y 
the 
bled 
10d, 
at a 
only 
er 2 
50.8 
tion 
n in 
was 
the 
cess 
tent 
cali- 
solu- 
bile 
1e 2 
mu- 


124 CARBOHYDRATES.AND YEAST CELLS 


in the concentrations of the various reserve carbohydrates during the 
course of the utilization of the glucose presented. The initial period is | 
marked by a rapid synthesis of the alkali-insoluble reserve carbohydrate — 
and a slow synthesis of the alkali-soluble reserve carbohydrates. The | 
final period is marked by a continued synthesis of the alkali-soluble car- | 
bohydrates and the conversion of the alkali-insoluble reserve carbohydrate | 


to other products. 
SUMMARY | 
There is a reserve carbohydrate, other than glycogen or trehalose, that | - 
is transiently formed during the course of the fermentation of a given ! al 


quantity of glucose by yeast cells. This carbohydrate is found to have | It 
the following properties. 
1. It is insoluble in hot 30 per cent potassium hydroxide. 
2. It is fermented or oxidized endogenously at rates which are propor- © 


ra 

tional to its concentration. ma 

3. Its synthesis is blocked by 0.001 m sodium azide and partially |, 
blocked by 0.0001 m sodium azide. | 
4. It is synthesized and degraded at a more rapid rate than the alkali- | 
soluble reserve carbohydrates. 
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THE AVIDIN-BIOTIN EQUILIBRIUM 


By HERBERT F. LAUNER anp HEINZ FRAENKEL-CONRAT* 
(From the Western Regional Research Laboratory,t Albany, California) 


(Received for publication, April 18, 1951) 


The extreme sensitivity of the microbiological test for avidin, which in- 
volves biotin and Saccharomyces cerevisiae (1) suggests that the avidin- 
biotin complex does not dissociate in the ordinary sense and that a dy- 
namic equilibrium does not occur. This interpretation, however, does not 
appear thermodynamically tenable, and an equilibrium is to be expected. 
In view of its biological importance the reaction between avidin and bio- 
tin was studied. : 

Inasmuch as the amounts to be measured were in the submicrogram 
range, a sensitive method of investigation was required. This paper de- 
scribes a quantitative study of the equilibria involved, in which biotin 
labeled with radiocarbon, C™, in the ureido position was used. 

Materials 

The radiobiotin was prepared by Melville, Pierce, and Partridge (2), 
0.5 ue. of which, in aqueous solution, was kindly presented to us by Pro- 
fessor Donald B. Melville, as authorized by the Atomic Energy Commis- 
sion. Although only 2 per cent of the biotin in the solution was radioactive, 
the solution will be referred to as radiobiotin. The biotin was a commer- 


cial product. The avidin was prepared by a new procedure briefly referred 
to elsewhere (3), the details of which are intended for future publication.' 


Method 


Clear mixtures of avidin and biotin, varying in amount and proportion, 
in volumes of 0.2 mM ammonium carbonate solution, ranging from 1.7 to 
15 ml., were contained in cellophane bags. The free biotin (plus radio- 
biotin) was separated therefrom by dialysis into 100 ml. of the same 
medium. The dialysate was constantly stirred magnetically at 25° and 
the dialysis bag was free to sway and thus gently agitate its contents 
during the 24 hour dialysis periods. 

The dialysates were concentrated at 25-50° to approximately 3 ml., of 


* Present address, Virus Laboratory, University of California, Berkeley, Califor- 
nia. 
t Bureau of Agricultural and Industrial Chemistry, Agricultural Research Ad- 
ministration, United States Department of Agriculture. 

‘Manuscript in preparation by H. Fraenkel-Conrat, N. Snell, and E. D. Ducay. 
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which a 2.00 ml. aliquot was evaporated to dryness under an infra-red | 
lamp in a | inch stainless steel cup on a metal plate maintained at 17° | 
with tap water. It was found, by use of thermocouples, that the tem- | 
perature during evaporation to dryness at no time exceeded 22°. No loss — 
of radioactivity occurred during these steps. Aliquots were also taken 
from inside the bags and evaporated to dryness after addition of 2 ml. a 
medium to the cup. 

Because of the volatility of ammonium carbonate, the residues weighed | 
less than 0.1 mg., and thus radioactivities could be determined directly, 
without correction for 8 absorption. A Geiger-Miiller tube, having an 
end window of 2.8 mg. per sq. cm. was used with a 2 inch lead shield, and | 
the background within the shield was 13.0 + 0.4 c.p.m. standard deviation 
per individual value during a given day or month. All radioactivities 
were determined under identical geometrical and other conditions, giving — 
relative activity, usually by duplicate timing of 1024 counts on a scaler. 
High reproducibility was obtained by this procedure. Triplicate volumes, 
0.015 ml., of radiobiotin solution, evaporated and each counted in tripli- © 
cate for 4096 counts, gave mean values of 545, 544, and 543 c.p.m., indi- | 
vidual counts varying within statistical expectation, +1.6 per cent, of the — 
means. 


RESULTS AND DISCUSSION 


Exchange into Complex—A direct indication of simultaneous combination — 
and dissociation in a chemical system is the exchange of a radioactive © 
component into a compound already saturated with respect to the “ordi- 
nary’? component. Experiments of this type were conducted, of which 
the following was typical. Avidin, 0.6 mg. in 1.3 ml., was saturated with 
ordinary biotin and freed from the excess by dialysis. Then 3.7 y of 
radiobiotin (1 y = 10-* gm.), having an activity of 3100 ¢.p.m., were — 
added and the solution was allowed to stand 50 days at 3°. The solution — 
was then dialyzed overnight seven times, with addition of 3.7 y of ordinary 
biotin 1 day before each succeeding dialysis. The latter lessened the effect — 
sought by exchange of radiobiotin out of the complex again, but it was | 
necessary in order to dislodge the radioactive impurities, as will be dis- — 
cussed in the next section. 

The seven successive dialysates were found to have radioactivities, re- 
spectively, in counts per minute, of 2390, 480, 44, 6, 5, 2, and 3, after which © 
the radioactivity in the bag was 56. When radiobiotin alone, in the ab- 
sence of avidin, was dialyzed, the radioactivity entered the dialysates 


* The term “ordinary” is used throughout to distinguish components from the 
“‘radioactive”’ but otherwise chemically identical substances, whenever emphasis — 
appears necessary. 
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much more rapidly, in the proportion expected from the volume ratio, 
~ namely 100:1.3, and with negligible remainder in the bag. 


It is thus evident that the saturated complex had acquired radiobiotin 
through exchange with its biotin, and that formation and dissociation of 
the complex occur simultaneously. 

Dissociation of Complex—In order to obtain a quantitative measure of 
the dissociation of the complex, the concentration of biotin in equilibrium 


478 CAA 

NO BIOTIN BIOTIN ADDED BIOTIN ADDED BEFORE 
= ADDED. ONCE, 1.5% EACH DIALYSIS 

AVIDIN IN | im” EXCESS 20° IN EXCESS 

EXCESS 
= 
EQUILIBRATION PERIOD 
DAY -€2 DAYS*4 


NUMBER OF DIALYSATE 
Fic. 1. Effect of biotin upon the avidin-radiobiotin complex. Experiment 1 


with avidin and the complex was determined. In Experiment 1, 12.8 + 
of radiobiotin, 10,900 c.p.m., were added to an excess of avidin, 2.05 mg., 
in 3 ml. of total volume. After 1 hour, dialysis was started and the first 
dialysate was found to contain 2 per cent of the total activity, 220 ¢.p.m. 
Subsequent dialysates had much lower activities (Fig. 1, Part I), showing 
that the first value was not due to radiobiotin. The experiment was 
repeated with the exception that the excess avidin was treated with excess 
ordinary biotin after periods varying from 10 minutes to 200 hours. The 
results were independent of time and under these conditions gave 7 to 8 
per cent of total activity in the first dialysates. The effect of excess biotin 
is shown in Fig. 1, Part II. 
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These results pointed to the presence of a radioactive impurity in the 
radiobiotin. This was confirmed by treating the first dialysates with a 
3-fold excess of avidin and redialyzing, with the result that 91 per cent of 
the radioactivity was redialyzable, the same being the case for the eighth 
dialysate of Fig. 1. Furthermore, the redialyzed material was found to 
have only 15 per cent of the expected microbiological activity when tested 
with S. cerevisiae (1). 

It is thus seen that the radioactive impurity present in the original radio- 
biotin solution, but not interfering in its original application (2), had to 
be reckoned with in the present work. No attempt was made to remove 
it, since the entire radiobiotin sample weighed only 0.2 mg., but consider- 
able effort was made to understand the behavior of the impurity in the 
hope that results free of its influence could be obtained. 


As is seen in Fig. 1, the radioactive impurity was only partially remov- | 


able in the absence of excess biotin and then was not all displaced by a 


small excess of the latter. Treatment with a large excess, however, could | 


be expected to remove the impurity, and it is reasonable to assume that 
reliable equilibrium values may be obtained after “purification” with bio- 
tin. This point was not appreciated sufficiently in Experiment 1, but was 
utilized in Experiment 2, in which the radioactive complex containing 
3.25 mg. of avidin was dialyzed sixteen times with 40 7 excess of biotin 
each time. Then, after four dialyses to remove excess biotin, 3 mg. more 


of avidin were added, in a final volume of 15 ml. and an activity of 21,000 | 


c.p.m. Three subsequent dialysates showed constant activity and yielded 
a mean value of 0.7 + 0.2 c.p.m.* (standard deviation of the mean (4)). 
The amount of biotin in 100 ml. of dialysate was thus (0.7/21,000) * 23.8 = 
7.9 X 10*y = 3.1 K 10-" mole = 3.1 K 10-"' um. ‘The value 23.8 is the 


weight in micrograms of biotin combining with 3.25 mg. of avidin.‘ Inside — 


the bag the excess avidin, 3 mg., was 2.86 XK 10-* m and the complex was 
3.1 m as “nominal” concentrations. 


* ‘This is near the limit of precision of the method. Therefore, each sample was 


measured six times, and a count for background was taken between individual meas- 
urements, for 512 counts each, thus giving eighteen values each for activity and 


background. The latter during the period of measurements was 13.0 + 0.4 ¢.p.m. | 


(standard deviation of individual values). 

‘The combining ratio of biotin to avidin is given by Williams, Eakin, Beerste- 
cher, and Shive (5) as 7 y per mg. This, together with the molecular weight of 
avidin, 70,000, as found by Woolley and Longsworth (6), leads to the most probable 


formula, AB,, for the complex. Based upon this molecular weight, the combining | 
ratio is calculated to be 7.3 y of biotin per mg. of avidin. Indications in this Labo- . 


ratory, based upon sedimentation and osmotic pressure experiments (foot-note 1), 
are that the molecular weight is lower than 70,000 and that the combining ratio is 
near 8 for purified avidin. However, the purity of the avidin used in these experi- 
ments, with the exception of Experiment 5, was such that a combining ratio of 73 
appeared to be a reasonable basis for calculation in this paper. 
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The expression for the equilibrium between the complex,‘ AB, and its 
components, may be written as 
(AB;) 
TaBLeE | 


Equilibrium Values for Avidin-Biotin Reaction in 0.2 4 Ammonium 
Carbonate Solution 


K (1) 


Experiment No. (Avidin)» | (Biotin) (Complex) 10" | Kit x10" | Kt X 10m 


2 81000 7800 0.9 
3 86 | 1.19 6000 20 | 0.9 
4 | 22 | @.4 1500 | 


Parentheses signify concentrations in 10-* mole per liter. Those for biotin are 
equilibrium concentrations actually measured. Those for the complex and for 
avidin of Experiments 2 and 1-I are nominal concentrations, calculated from the 
weights of the substances used. The remainder of those for avidin was calculated 
from the biotin concentrations (A)> = (1 + r) X (B)/2, where r is the ratio of vol- 
umes outside and inside the dialysis bag, as follows: Experiment 3, 13.5; Experiment 
1-I1, 33.3; Experiment 4, 9.1; Experiment 5, 58.8. The subscript zero signifies that 
the values are based upon the two types of calculations just described. 

*K’ = (A)o(B)*/(ABz2)o. 

t K’,; = (AB)o(B)/(AB:)o. Assuming no dissociation of AB, added avidin reacts 
completely with a part of the complex according to the net reaction AB; + A = 2AB, 
so that (AB)» = 2(A)o and (AB2)o = (ABz)o — (A)o. Thus K’, = 2(4)o(B)/[(ABs)o 
— (A)o]. For the experiments without added avidin, (A)o in the denominator is 
negligible. 

t{K = (A)(B)*/(AB):. Since 


(B)/2K; ] 


(A) = (A)o/l + and (AB:) = — + (BAK. 


(A)o(B)* 


K = 
+ ((ABs)e — (ADel 


where Ke = 0.5 X 10°* = (A)(B)/(AB). 
§ Experiment 5 was performed with avidin in which nucleic acid was undetectable 
and is not necessarily comparable with the others. 


When the nominal concentrations of Experiment 2, and of other experi- 
ments involving considerably different conditions, to be described subse- 
quently, were substituted in Equation 1, various values, given in Table I 
as K’, were obtained. These calculations were based upon the assumption 
that dissociation gives rise to 2 biotin molecules simultaneously, or that AB 
is unstable and dissociates completely. If AB did not dissociate appreci- 
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ably, concentrations calculated on this basis, when substituted in Equa- 

tion 2, 

(AB)(B) 
(AB;) 

would give constant values. These values are also given in Table I, as 


K’,. It is evident from their lack of constancy that AB was extensively 
dissociated in these experiments. 


Ki = (2) 


By assuming that AB dissociates to an intermediate extent under these ' 


experimental conditions, values with smaller deviations were obtained. By 
trial and error, a value was arrived at for the dissociation constant of AB 


(A\(B) 
(AB) 
corresponding to a degree of dissociation of AB, in the absence of added 
avidin, ranging from 27 to 57 per cent for the various experiments, depend- 
ing upon the biotin concentration. By evaluating the equilibrium quan- 
tities of Equation 1 in terms of Kz, (B), (A)o, and (AB;)o, as shown in 


K; = = 05 xX 10° (3) 


foot-note ({) of Table I, the values for K, also shown therein, could be © 


calculated. The fair internal agreement of these values, without trend, | 


over large ranges of concentration, is evidence that the avidin-biotin com- 
plex dissociates reversibly into biotin and an intermediate complex and 


that the latter is extensively dissociated under these experimental con- | 


ditions. 


It should be pointed out that the assumption of the existence of AB | 


requires that K, > K,. This assumption is based solely upon the some- 


what better internal agreement of the values for K over those for K’. It — 


is felt by the authors that this does not constitute proof of the existence 
of AB but, rather, that its existence is not excluded by the data. 
In Experiment 3, the radioactive complex was purified as before by fre- 


quent dialysis with excess biotin, but excess avidin was not added there- . 
after. This greatly improved the counting statistics, owing to the much | 
greater dissociation, but it introduced a different type of uncertainty. In — 
the presence of excess biotin, exchange with the radiobiotin in the complex _ 


may occur and cause high values for biotin. The excess biotin must be 
removed by dialysis before equilibrium measurements are valid. If, on 


the other hand, too much biotin is removed by dialysis, free avidin will — 


accumulate within the bag, thus depressing the dissociation and resulting — 
in low values for biotin. In the present instance, dialysis to remove excess 
biotin was repeated five times, which could be calculated® to leave negli- — 


* Starting with 40 y = 1.56 X 10°? mole excess biotin, and a dialysis ratio of 74 | 


to 100 ml., the residual biotin = 1.56 K 10°? & (7.4/107.4)* K 1/0.0074 = 3.2 x 10°" 
M. This may be compared with the equilibrium value 1.19 X 10° mM (Table I). 


=" 
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gible residual biotin. Calculated from the radioactivity found, 12 + 0.6 
c.p.m. for the sixth dialysate, the corresponding value for K is seen to be 
in good agreement with that of Experiment 2, particularly in view of the 
greatly differing experimental conditions. Values calculated from the 
fourth or fifth dialysate were not only too high but also showed poor in- 
ternal agreement with subsequent values based upon accumulation of free 
avidin after the points in question. It should be noted that any error in 
(B) is raised to the third power in calculating K. 

The behavior of the radioactive impurity as shown in Fig. | makes it 
appear highly improbable that it could have been present in amounts 
sufficient to affect the results of Experiment 2. This point is evident from 
the results of Experiment 1, from which maximal values can be calculated. 
From the activity represented by the horizontal portion of Part I, 1.0 + 0.3 
¢.p.m. the constant shown in Table I for Experiment 1-I was calculated. 
The agreement is within statistical counting error and indicates that the ra- 
dioactive impurity, when not liberated by excess biotin, did not interfere 
appreciably in Part I. It was therefore reasonable that the radioactive 
impurity would not interfere in Part II, wherein its concentration was 
considerably lower than in Part I, provided that the excess biotin was first 
removed by dialysis. This was calculated to be the case for the tenth 
dialysate, whose radioactivity, 15 + 0.7 ¢.p.m., taken from a smooth 
curve drawn through the points of Experiment 1-II, gave the K value 
shown in Table I. 

Experiment 4, of the type of Experiment 3 but at one-fourth of the 
concentration of the complex, gave a rather low value for K, correspond- 
ing to a radioactivity of 9 + 0.8 c¢.p.m. Assuming an error of 40 per cent 
in the biotin concentration, the resulting K would lie within the probable 
range of the mean of the first four values for K. 

Experiment 5, with avidin free from detectable nucleic acid' but other- 
wise similar to Experiment 3, showed a radioactivity of 8 + 0.8 ¢.p.m. 
The value for K appears to show a trend in harmony with a decrease in 
dissociation of the complex, but the effect of nucleic acid, if any, is seen 
to be minor. 

A few experiments dealing with effect of temperature upon the equilib- 
rium showed that an increase from 25° to 35° approximately doubled the 
amount of dialyzable radioactivity, whereas a decrease to 3° reduced it 
4-fold. The experiments, however, were not extensive enough to warrant 
the calculation of equilibrium constants. 

Effect of Medium—Several experiments were performed in media other 
than 0.2 m ammonium carbonate. The results in dilute ammonia (pH 10) 
and in 0.4 m sodium chloride agreed closely with those of Table I. In 
the latter experiment ordinary biotin was used and the assays were per- 
formed microbiologically (1), rather than by tracer methods. In another 
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experiment with 2.5 mg. of avidin and 20 ¥ of biotin in 10~ m sodium 
hydroxide, whose pH was 7.5 after reaction with avidin, a much lower 
constant, 3 X 10-*, was obtained, similar to the constant that may be 
estimated for the complex in the nutrient medium of the microbiological 
test (1) in the indirect analysis for avidin. The data at hand, however, 
are not extensive enough to permit general conclusions as to the effect of 
the nature of the medium upon the dissociation of the complex. 


SUMMARY 

The reaction between avidin and biotin was studied with radioactive 
biotin and confirmed as being practically complete. Nevertheless, it was 
found that the reaction is reversible and that measurable dissociation of 
the complex occurs. On the basis of equilibrium measurements, it was 
found that an expression of the type K = (A)(B)*/(AB;), with a modi- 
fication for the incomplete dissociation of the intermediate AB, describes 
the system over a considerable range of concentrations. An average value 
was found for K = 0.6 X 10°, at 25°, in 0.2 « ammonium carbonate and 
other media, corresponding to a degree of dissociation of 0.08 per cent at 
10-* m complex. The dissociation was found to increase with temperature, 
to be little if any affected by the absence of detectable nucleic acid from 
the avidin, and to decrease in certain specific media. 


The writers thank Miss Neva Snell for the microbiological analyses for 
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LABORATORY SYNTHESIS OF p-CHLOROPHENYL-t-CYSTEINE 
AND ITS ACETYLATION BY THE RAT* 


By HAROLD D. WEST, GHABHARAN R. MATHURA, anp 
LORETHA A. BLACKt 


(From the Department of Biochemistry, Meharry Medical College, Nashville, Tennessee) 
(Received for publication, June 11, 1951) 


As part of a program designed to apply infra-red spectroscopy to the 
study of mercapturic acids (1-3), it was decided to investigate the syn- 
thesis of p-chlorophenylmercapturic acid. This detoxication product was 
isolated from the urine of dogs fed monochlorobenzene by Jaffé in 1879 
(4) who described it as a levorotatory compound melting at 153-154°. 
Its optical rotation was reported by Smith, Spencer, and Williams in 1950 
(5). The synthesis of the compound is described below. 

Phenyl-t-cysteine (6), p-fluorophenyl-L-cysteine (7), p-bromophenyl-t- 
cysteine (8), and benzyl-.-cysteine (8, 9) have been shown to be acetylated 
by the albino rat in vivo. This has been interpreted to mean that the 
formation of the corresponding cysteine is an intermediate step in the 
biosynthesis of mercapturic acids (10). Another example of the acety- 
lation in vivo of the cysteine conjugate of a foreign compound known to 
give rise to a mercapturic acid, p-chlorophenyl-.-cysteine, is reported 
herein. 


EXPERIMENTAL 


p-Chlorophenyl-.-cysteine—The method employed for the synthesis of 
p-chlorophenylmereapturic acid was similar to that used by du Vigneaud, 
Wood, and Binkley for the synthesis of p-bromophenyl-L-cysteine and the 
corresponding mercapturic acid, (9). 10 
gm. of L-cysteine hydrochloride in 200 ml. of 1.5 N sulfuric acid warmed 
to 70° were treated with an aqueous suspension of cuprous oxide until no 
more went into solution and the supernatant liquid was blue. The mix- 
ture was placed in an ice and salt bath and cooled to 0-5°. Meanwhile 
15.3 gm. of finely divided p-chloroaniline were added with stirring to a 
solution of 20 ml. of concentrated sulfuric acid in 200 ml. of water and 
cooled to 0°. Diazotization was accomplished by stepwise addition of 
small amounts of sodium nitrite until a total of 10.3 gm. was used. 


* Presented at the Forty-second annual meeting of the American Society of Bio- 
logical Chemists at Cleveland, Ohio, April 29 to May 3, 1951. 

t Experimental data in this paper are based on a thesis submitted by Loretha A. 
Black in partial fulfilment of the requirements for the degree of Master of Science 
in Biochemistry. 
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The diazotized p-chloroaniline was added dropwise to the ice-cold 
cuprous mercaptide solution with stirring and the stirring was then con- 
tinued for | hour. The solution was allowed to warm to room tempera- 
ture and then heated for 30 minutes at 70°. After cooling to room 
temperature it was extracted with two 100 ml. portions of ether, the ether 
extracts being discarded. The solution was saturated with hydrogen sul- 
fide and the precipitated copper sulfide removed by filtration and washed 
with two 25 ml. portions of 1.5 N sulfuric acid. The washings were added 
to the filtrate and the solution was warmed in vacuo to remove excess 
hydrogen sulfide. It was then cooled and neutralized to Congo red by 
careful addition of ammonia. The crystals were removed by filtration 
and dried. After two recrystallizations from water 4.5 gm. of p-chloro- 
phenyl-.-cysteine which decomposed at 181-181.5° were obtained. 


C,H,0O:NSCI. Calculated. C 47.08, H 4.35, N 6.04 
Found. 47.01, 4.43, “ 5.89 
la]% = +17.5° (1% solution in 0.10 n NaOH) 


p-Chlorophenylmercapturic Acid—1.95 gm. of p-chlorophenyl-.-cysteine 
were dissolved in 6 ml. of 2 N sodium hydroxide contained in a flask sus- 
pended in an ice and salt bath. While the solution was being stirred, 7 
ml. of acetic anhydride and 15 ml. of 2 N sodium hydroxide were added, 
1.5 ml. portions of acetic anhydride being followed by 3 ml. portions of 2 x 
sodium hydroxide for five additions. Stirring was continued for 15 min- 
utes and 28 ml. of 1.5.‘ sulfuric acid were added. The crude product was 
dissolved in acetone, filtered, and precipitated by pouring it into water. 
Recrystallization from hot water gave glistening crystals in the form of 
plates melting at 155°. The yield of p-chlorophenylmercapturic acid was 
2.05 gm. 
Cy HywO,NSCI. Calculated. C 48.29, H 4.38, N 5.11 
Found. ** 48.20, 4.46, 5.40 
la]? = —13.2° (1% solution in ethanol) 
la]> = —20.3° (0.27% solution in ethanol) 


Biosynthetic p-Chlorophenylmercapturic Acid—3 gm. of monochloro- 
benzene were administered to a dog over a period of 3 days. After the 
4th day the urines were combined, filtered, and acidified by the addition 
of one-tenth the total volume of concentrated hydrochloric acid. After 
standing overnight the urine was extracted with three 150 ml. portions of 
chloroform. The chloroform extracts were dried over anhydrous sodium 
sulfate and the chloroform was removed by vacuum distillation. The 
residue was taken up in acetone, warmed with decolorizing charcoal, and 
filtered into water. The precipitated mercapturic acid was recrystallized 


twice from water and then melted at 153°. The yield was 0.6 gm. When | 
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mixed with an equal amount of the synthetic mercapturic acid, the melt- 
ing point was 153-154°. 

Conversion of p-Chlorophenyl-.-cysteine to p-Chlorophenylmercapturic Acid 
in vivo—A sample of p-chlorophenyl-L-cysteine weighing 2 gm., m.p. 181- 
181.5° and [a] = +17.5°, incorporated in Purina chow, was fed to an 
adult male albino rat over a period of 13 days. The urine was collected 
and preserved under toluene during this period and for an additional 48 
hours. The funnel was washed with dilute ammonia water and the wash- 
ings were added to the pooled urine. The toluene was removed in vacuo 
by warming slightly above room temperature. The urine and washings 
were filtered and acidified with an amount of concentrated hydrochloric 
acid equivalent to one-tenth the volume of the filtrate. After standing 
overnight the urine was extracted with five 50 ml. portions of chloroform. 
Emulsions were broken by centrifugation, the extracts dried over anhy- 
drous sodium sulfate, and the chloroform removed in vacuo. The residue 
was taken up in acetone, warmed with decolorizing charcoal, and passed 
through a filter into water. The yield of crude mercapturic acid was 1.25 
gm. It melted at 153-154° after recrystallization from water, when it 
weighed 570 mg. Mixed with an equal amount of synthetic p-chloro- 
phenylmercapturic acid, the melting point was 153-154°. 

All melting points reported in this paper are uncorrected. 


This work was supported in part by a Frederick Gardner Cottrell Grant 
from the Research Corporation. 


SUMMARY 


1. p-Chlorophenyl-.-cysteine and p-chlorophenylmercapturic acid have 
been synthesized in the laboratory. 

2. It has been shown that p-chlorophenyl-L-cysteine is acetylated in the 
body of the albino rat. 
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THE SYNTHESIS OF RADIOACTIVE CHOLESTEROL 
AND FATTY ACIDS IN VITRO* 


II. A FURTHER STUDY OF PRECURSORS 


By ROSCOE O. BRADY, J. RABINOWITZ, J. VAN BAALEN, 
anp SAMUEL GURIN 
(From the Department of Physiolo,ical Chemistry and the Endocrine Section, 
Department of Medicine, School of Medicine, University 
of Pennsylvania, Philadelphia, Pennsylvania) 


(Received for publication, July 3, 1951) 


Although it is now abundantly clear that mammalian liver can synthe- 
size cholesterol from precursors capable of giving rise to 2-carbon frag- 
ments, recent evidence has been obtained (1) suggesting that aceto- 
acetate may be incorporated into cholesterol without appreciable cleavage 
into 2-carbon units. 

The suggestion that a 4-carbon precursor may be involved in this bio- 
synthesis has prompted a further study of C-labeled 4-carbon compounds 
with the hope that more information on the nature of such a precursor 
might be obtained. In addition, a number of non-labeled compounds 
have also been investigated to determine whether or not they could in- 
hibit or depress the incorporation of labeled acetate into cholesterol dur- 
ing incubation with rat liver slices. When such an effect was observed, 
the substance was labeled with C™ and studied further. 

As a consequence of the finding that acetoacetate may represent an 
important intermediate in the biosynthesis of cholesterol, it follows that 
any isolated tissue capable of forming cholesterol should also be able to 
synthesize acetoacetate. Evidence supporting the validity of this con- 


cept is presented. 


EXPERIMENTAL 


Complete details of the preparation of tissue slices, buffers, incubation 
period, and the gas phase employed have been previously reported (1, 2). 
After incubation, the fatty acids and cholesterol were purified as de- 
seribed (1, 2). 

Organic Syntheses—Carboxyl-labeled vinylacetic acid was prepared from 
C40, by carbonation of allylmagnesium chloride according to the direc- 


* Aided by grants from the American Cancer Society administered by the Com- 
mittee on Growth of the National Research Council and from the National Insti- 
tutes of Health, United States Public Health Service. The radioactive compounds 
were obtained on allocation from the United States Atomic Energy Commission. 
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tions of Gilman and McGlumphy (3). The final product was fractionally 
distilled and the portion distilling from 70-105° at 60 mm. collected; 
yield 28 per cent. 

Aldol containing C™ equally distributed among all 4 carbon atoms was 
prepared from an aqueous solution of doubly labeled acetaldehyde by 
means of dilute aqueous KOH (4). After extraction with ether, the aldol 
was recovered in 34 per cent yield, following several fractional distillations 
at 9 to 10 mm. (bath temperature 60—90°). 

Completely labeled crotonaldehyde was prepared in 67 per cent yield 
from radioactive aldol (described above) by slow distillation in the pres- 
ence of iodine (5). The distillate was fractionated and the portion dis- 
tilling between 90-105° collected. 

Acetoin—A new and convenient synthesis of C-labeled acetoin was 
developed by condensation of lactonitrile with radioactive methylmagne- 


sium iodide and is described here in detail. Gauthier (6) has previously | 


reported an analogous reaction of lactonitrile with ethylmagnesium bro- 
mide. 

To 2.13 gm. of lactonitrile (0.03 mole) in a 3-necked flask equipped 
with a large Herschberg stirrer, reflux condenser, and dropping funnel was 
added 0.033 mole of non-labeled methylmagnesium iodide dissolved in 
25 ml. of ether. The mixture was stirred vigorously until evolution of 
methane ceased, at which time a similar amount of C-labeled methyl- 
magnesium iodide in ether was added slowly. When the addition was 
complete, the double magnesium salt separated out as a gray precipitate. 
Vigorous stirring and gentle warming were continued for another hour. 
The reaction mixture was chilled and decomposed with a minimal quan- 
tity of saturated aqueous sodium chloride, followed by dropwise addition 
of concentrated HCl to pH 2. The ether layer was removed (without 
shaking) and the aqueous layer continuously extracted with ether under 
N». The combined ether extracts were dried over anhydrous MgSO, and 
some anhydrous Na,CO;. The ether was evaporated under N: and the 
remaining oil (again under N,) fractionally distilled. With the micro 
distillation equipment employed and vigorous sweeping with N2, the major 
portion of the material was found to distil at 130—-140° (from literature, 
b.p. 140-144°). A sample of redistilled authentic acetoin showed the 
same boiling point range upon distillation under the same conditions. 
The yield, based on the lactonitrile, was 65 to 75 per cent. It is obvious 
that acetoin labeled in other positions can similarly be made from labeled 
lactonitrile prepared from labeled acetaldehyde or cyanide. 

Carboxyl-Labeled Orsellinic Acid—Orcin aldehyde was prepared by the 


Gattermann and Kébner procedure from labeled HCN and orcinol (7). | 
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The resulting compound was converted to orsellinic acid by the method 
described by Hoesch (8); m.p. 173-175°, decomposed. 

Non-Labeled Compounds—The sodium salt of acetyl acetaldehyde was 
prepared by the method of Claisen and Stylos (9). a-Acetyl-8-methyl- 
diethyl glutarate was synthesized by the procedure of Burton and Ingold 
(10); b.p. 148-150° at 10 mm. a,a’-Diacetyl-8-methyldiethyl glutarate 
was prepared as described by Horning (11); m.p. 75-77.5°. Diethyl- 
acetyl succinate was obtained from the Monsanto Chemical Company 
and purified by vacuum distillation; b.p. 169° at 15 mm. 1-Carbethoxy- 
2-methyl-4 ,6-cyclohexanedione was prepared from ethyl crotonate and 
sodium ethylate by the procedure of Schilling and Vorlainder (12); m.p. 
89-90°. 


Results 


Crotonate depressed to a very small extent the incorporation of radio- 
active acetate into cholesterol and long chain fatty acids. It was accord- 
ingly assumed that this substance is probably not an important inter- 
mediate in these biosynthetic processes, and no further experiments were 
carried out with this compound. Vinylacetic acid, on the other hand, was 
more effective in the screening test and was accordingly labeled with C™. 
The amount of C“ incorporated into cholesterol of fatty acids proved to 
be much less than that obtained with the radioacetate controls (Table I, 
Experiments | and 2). 

Although non-labeled crotonaldehyde produced a marked diminution 
in the incorporation of labeled acetate, radioactive crotonaldehyde itself 
was very poorly utilized (Table I, Experiments 3 and 4). The effect of 
crotonaldehyde may accordingly be ascribed to its inhibiting action. It 
should be emphasized that the concentration of the crotonaldehyde em- 
ployed was low enough to permit normal tissue respiration. 

Labeled aldol, when compared with radioacetate controls, is as effi- 
ciently incorporated into cholesterol as is acetoacetate. Since a sig- 
nificant incorporation into long chain fatty acids was also observed, it is 
assumed that aldol may, to some, extent, be cleaved by liver slices into 
2-carbon fragments (Table I, Experiments 5 and 6). When compared 
with the radioacetate controls, aldol is more efficiently incorporated into 
cholesterol than into long chain fatty acids. It is therefore likely that 
aldol is also converted to an appreciable extent into 8-hydroxybutyrate 
or acetoacetate. This is in agreement with the early work of Parnas 
(13) and of Lieben and Ehrlich (14). 

Because it had been previously shown that acetaldehyde is more effi- 
ciently converted into fatty acids and cholesterol than is acetate (1), it 
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was thought worth while to investigate the action of acetoin. Although 
this substance was found to reduce significantly the incorporation of 
acetate in the screening tests, C-labeled acetoin was poorly utilized by 
liver slices for the biosynthesis of either cholesterol or fatty acids. 

Neither radioactive formate nor formaldehyde is converted to fatty 
acids or cholesterol to any significant extent. This finding renders un- 
likely the hypothesis of Miescher and Wieland (15) that the biosynthesis 
of cholesterol may occur via condensation of acetoacetate with formalde- 
hyde. 

A number of miscellaneous compounds were screened and found to 
have no significant diluting effect upon the incorporation of radioacetate 
into cholesterol. Among them were 1-carbethoxy-2-methyl-4 ,6-cyclohex- 


TaBce II 


Conversion of CH;C**OONa to Acetoacetate* by Human Adrenal and 
Rabbit Testicular Tissue 


Experiment No. Tissue Recovered ee tte activity of 
C.p.m. per min. per meg. C 
1 | Human adrenal 3.9 X 10 
2 1.4 x 10° 
3 | Rabbit testis 3.3 X 10 


The acetate was present at a final concentration of 0.005 m. The specific activity 
of the carboxyl carbon of acetate was 3 X 105 ¢.p.m. per mg. of C. 

* Carrier acetoacetate was present in the incubating medium at 0.01 s concen- 
tration. 


anedione, a-acetyl-8-methyldiethyl glutarate, a@,a’-diacetyl-3-methyldi- 
ethyl glutarate, and diethylacetyl succinate. Carboxyl-C"-orsellinie acid 
was also found not to be incorporated into cholesterol by liver slices. 

Acetoacetate Formation in Extrahepatic Tissues—Slices of human ad- 
renal tissue were incubated with carboxyl-C™-acetate in the presence 
of a bank of non-labeled acetoacetate. The medium was treated with 
copper lime, and the acetoacetate of the supernatant fluid decarboxylated 
with HgSO, and H.SO, in the usual manner. The mercury-acetone com- 
plex was recovered, washed, and dissolved in dilute HCl and the acetone 
distilled into a receiver containing Denigés’ reagent. Only the radioactiv- 
ity of the acetone fraction is reported. It may be seen that in the adre- 
nals there is significant conversion of acetate into acetoacetate (Table 
Il). Similarly, rabbit testis was found to be capable of synthesizing 
acetoacetate. The latter experiment confirms the report of Jowett and 
Quastel (16) that testis is capable of forming ketone bodies. 
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DISCUSSION 


Of all the 4-carbon precursors, aldol appears to be the only one which 
is as effective as acetoacetate as a precursor of cholesterol. Since, unlike 
acetoacetate, it may be cleaved to a significant extent into 2-carbon frag- 
ments prior to incorporation into cholesterol, it is difficult to assess its 
importance as a precursor. 

Crotonate has been excluded as an important intermediate of both 
oxidation (17-19) and synthesis of butyrate (20). While vinylacetic acid 
is believed to be more closely related to the intermediate involved in the 
oxidation and synthesis of butyrate (19, 20), the results reported here 
indicate that it is not an important intermediate in the biosynthesis of 
either cholesterol or fatty acids. 

The belief that acetoacetate may play an important réle in the bio- 
synthesis of cholesterol is strengthened by the observations that tissues 
such as adrenals and testis, which are known to be capable of synthesizing 
cholesterol (21, 22), are also able to synthesize acetoacetate. It is hoped 
that further work will demonstrate that every isolated tissue capable of 
synthesizing cholesterol will also have the ability to form acetoacetate. It is 
not surprising that acetoacetate has heretofore not been found in such 
tissues, since the amount accumulating may be small. Furthermore, 
there is good evidence that extrahepatic tissues are able to oxidize aceto- 
acetate efficiently, which suggests that these tissues probably have the 
ability to cleave acetoacetate into active 2-carbon fragments. 

Finally, the authors are well aware not only of the limitations of the 
slice technique employed in these experiments, but of objections that 
can be raised to the use of esterified compounds in such studies. The 
compounds were all water-soluble in the concentrations employed, and, 
on the basis of known liver esterase activity (23), it was felt that they 
should be investigated. It is, of course, clear that negative results do not 
have the significance of positive findings in these studies. However, 
since the biosynthesis of cholesterol and fatty acids has not been ac- 
complished in cell-free preparations, it was hoped that the screening tech- 
nique supplemented with studies of C-labeled precursors would furnish 
some clues regarding the nature of these biosynthetic processes. 


SUMMARY 


C-labeled vinylacetic acid, crotonaldehyde, aldol, acetoin, and orsellinic 
acid have been prepared and their conversion to cholesterol and fatty 
acids by liver slices studied. None of these substances appears to be an 
important precursor, with the exception of aldol which is probably con- 
verted partly into acetoacetate and to some extent into 2-carbon frag- 
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ments. Labeled formate and formaldehyde are not significantly con- 
verted by liver slices to cholesterol or fatty acids. 

Human adrenal slices, as well as rabbit testis, are capable of synthesizing 
acetoacetate from labeled acetate. 

A new synthesis of C-labeled acetoin is described. 


The authors wish to express their gratitude to Miss Rita Kresge, Mr. 
Frederick Blake, and Dr. Norman Abrahamsen for their capable assistance 
in the preparation of labeled vinylacetic acid, crotonaldehyde and aldol, 
and orsellinic acid, respectively, and to Dr. H. A. Zintel for the human 
adrenal tissue. 
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BIOSYNTHESIS OF RADIOACTIVE TESTOSTERONE IN VITRO* 


By ROSCOE O. BRADY 
(From the Department of Physiological Chemistry and the Endocrine Section, 
Department of Medicine, School of Medicine, University of Pennsylvania, 
Philadelphia, Pennsylvania) 


(Received for publication, May 22, 1951) 


The recent demonstration that testicular tissue slices are able to syn- 
thesize cholesterol from C-labeled acetate (1) suggested that the synthesis 
of testosterone might be studied in a similar manner. The present experi- 
ments were devised to attempt to demonstrate the conversion of labeled 
acetate to testosterone by testicular tissue slices. 


EXPERIMENTAL 


Testicular tissue slices were prepared with a Stadie slicer from freshly 
obtained hog, rabbit, and human testes. The tissue (1 to 3 gm.) was 
incubated in a Warburg vessel of 125 ml. capacity containing 15 ml. of 
Krebs-Ringer bicarbonate buffer and CH;C"OONa. The total concentra- 
tion of sodium acetate was 0.008 m. The gas phase was 95 per cent O.-5 
per cent CO2, the bath temperature 37.5°, and the time of incubation 6 
hours. In those experiments in which the effect of ascorbic acid or human 
chorionic gonadotropin (HCG) was studied, these materials were dissolved 
in a small volume of distilled H.O, the pH adjusted to 7.4, and the solutions 
added to the incubating medium. A corresponding addition of buffer was 
made to the control flask. The tissues in each comparison experiment were 
obtained from the same animal and incubated simultaneously. 

At the end of the incubation, the testicular tissue was homogenized and 
200 y of carrier testosterone were added to each preparation. The testos- 
terone was extracted with ether according to the method of Samuels (2). 
The ether solution was washed repeatedly with non-labeled aqueous sodium 
acetate and subsequently dried over NaSO,. The ether was evaporated 
and the residue taken up in pentane. Chromatographic separation was 
accomplished by means of an alumina column prepared as described by 
Samuels (2). The fractionation was performed according to the following 
scheme: Fraction A contained the sample in 20 ml. of pentane, Fractions 
B and C were each 15 ml. of pentane, Fraction D was 30 ml. of 3 per 
cent CHCl; (containing 0.5 per cent ethanol) in pentane, Fraction E was 


* Aided by a grant from the United States Public Health Service. The radio- 
active acetate was obtained on allocation from the United States Atomic Energy 
Commission. 
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15 ml. of 6 per cent CHCI; in pentane, Fraction F was 30 ml. of 9 per cent 
CHCl, and Fraction G was 30 ml. of 18 per cent CHCl; in pentane. In 
control experiments with a mixture of cholesterol and testosterone, the 
cholesterol was quantitatively recovered in Fractions C and D while all 
of the testosterone was eluted in Fraction G. Aliquots containing approxi- 
mately 50 y of the recovered testosterone were chromatographed on paper 


TaBLeE | 
Conversion of Labeled Acetate to Testosterone and Cholesterol by Testicular 
Tissue Slices 
Effect of human chorionic gonadotropin (HCG) and ascorbic acid on these 
processes. 


| a | C.p.m. per mg | c.p.m. per mg. 

Hog | | 9.5 X 10? 8.0 x 10° 
os 7.5 X 10? | 9.1 <x 10° 
os 8.0 X 10? | 7.5 X 10° 
Rabbit | 2.0 x 10° | 1.6 X 10 
7.0 < 102 | 6.6 10° 

~ 5.3 X 10° | 7.7 X 10° 

5.6 X 10? | 1.1 104 

6.7 10° 1.3 106 

4.2 10? 7.1 x 10 
5.6 10° 7.7 xX 10 

es 6.6 10? 1.1 104 

as 0.01 6.1 X 10? | 9.9 x 10° 

ee 1.6 X 10 | 6.8 x 10 

. | 0.02 1.5 x 10° | 6.7 X 10° 

as | 1.6 X 10° | 9.3 x 10° 

| 0.03 7.5 X 10? | 6.4 10° 
Human | 2.7 X 10? | 4.4 xX 10° 


All experiments were performed with CH,C“O,Na with a specific activity of 9 
X 10° ¢.p.m. per mg. of carbon. The total sodium acetate concentration was 0.008 M. 


* 2 mg. of HCG were added per flask. The activity of the HCG was 3200 i.u. per © 


mg. 

by modifying' the procedure suggested by Zaffaroni, Burton, and Keut- 
mann (3). The combination of alumina chromatography and descending 
paper chromatograms performed with ligroin saturated with propylene 
glycol effected excellent separation from a large number of related steroids 


including a mixture of androgens containing androsterone, dehydroiso- — 
androsterone, and A‘-androstenedione.? Testosterone was located by di- | 


rect analysis of the paper strips in an adapted Beckman spectrophotometer 


at 245 my according to Tennent, Whitla, and Florey (4). The testosterone — 


' M. Richardson, unpublished. 
? Kindly supplied by Ciba Pharmaceutical Products, Inc. 
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was eluted with ethanol, evaporated on aluminum planchettes, counted 
with a windowless Geiger counter, and subsequently analyzed by the 
colorimetric procedure of Koenig et al. (5). The cholesterol recovered in 
Fractions C and D was precipitated as the digitonide and the radioactiv- 
ity measured similarly. 


Results 


The testosterone recovered after incubating testicular tissue slices from 
hog, rabbit, and human testes was found to contain significant radioactivity 
(Table I). That this radioactivity is not due to contamination with sub- 
strate is attested by the failure to demonstrate any radioactivity in testos- 
terone recovered after incubating rat testicular tissue with the same 
amount of labeled acetate. Control experiments with biosynthetic radio- 
active cholesterol (1.1 X 10‘ c.p.m. per mg.) mixed with testosterone 
indicated that testosterone recovered and purified according to the pro- 
cedures outlined above was not contaminated with radioactive cholesterol. 
This is an essential point, since all of the tissues tested converted labeled 
acetate to cholesterol, confirming the observations of Srere et al. (1). The 
actual counts per minute above background of the testosterone ranged 
from 40 in Experiment 11 to 615 in Experiment 6. 

It is apparent that human chorionic gonadotropin (HCG)* exerts a 
profound stimulating effect on the conversion of acetate to testosterone 
by rabbit testicular tissue. The addition of HCG produced only a slight 
or no effect on the conversion of acetate to cholesterol. 

The addition of ascorbic acid to the incubating medium exerted little 
if any effect on testosterone synthesis. 


DISCUSSION 


It is evident that hog, rabbit, and human testicular tissue slices can 
incorporate labeled acetate into testosterone in vitro. This observation is 
in keeping with the findings of Zaffaroni, Hechter, and Pincus (6), and 
Nielson, Drake, and Haines (7) who were able to demonstrate the con- 
version of labeled acetate to 17-hydroxycorticosterone by means of per- 
fused beef adrenal glands and hog adrenal slices respectively. The addi- 
tion of HCG markedly stimulates th¢ conversion of acetate to testosterone, 
whereas it has little effect upon the rate of cholesterol synthesis. This 


finding suggests that cholesterol may not be an obligatory precursor of 


testosterone. 
The reported amount of testosterone and all other androgens in testicu- 
lar tissue is extremely small (8). In a carrier-free experiment with 3 gm. 


* 1 wish to express my thanks to Dr. Samuel Gurin for the human chorionic gona- 
dotropin. 
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of human tissue, only 12 vy of testosterone were recovered from the tissue 
and medium. In Experiments 5, 6, and 7, the specific activity of the re- 
covered testosterone approached that of the cholesterol, in spite of the great 
dilution of testosterone caused by the carrier. This observation lends 
further support to the conclusion that cholesterol is probably not an im- 
portant intermediate in the conversion of acetate to testosterone. 


SUMMARY 


Surviving testicular tissue slices from hog, rabbit, and human testes 
can convert labeled acetate to testosterone. Human chorionic gonadotro- 
pin markedly accelerates this process in rabbit testicular tissue, but is 
without effect on the incorporation of acetate into cholesterol. 

Evidence is cited which suggests that cholesterol may not be an impor- 
tant intermediate in the biosynthesis of testosterone. 


I] should like to express my gratitude to Dr. Samuel Gurin for his advice 
and constant encouragement, to Dr. D. Wright Wilson for making this in- 
vestigation possible, to Dr. E. M. Richardson for his suggestions and 
assistance with the paper chromatography, to Dr. M. Allam for the hog 
tissues, to Dr. A. Schneeberg for the human tissue, and to Misses Jessie 
Van Baalen and Pat Thomas for their technical assistance. 
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THE BIOLOGICAL TRANSFORMATION OF GALACTOSE INTO 
GLUCOSE 


By YALE J. TOPPER ann DeWITT STETTEN, Jr. 


(From the Division of Nutrition and Physiology, The Public Health Research Institute 
of the City of New York, Inc., New York, New York) 


(Received for publication, June 8, 1951) 


Galactose and glucose differ from each other only in the steric configura- 
tion about carbon atom 4. The biochemical mechanism whereby these 
two hexoses are interconverted has attracted the attention of several in- 
vestigators (1-3). 

Three possible pathways suggest themselves. (a) Epimerization about 
carbon atom 4 may occur without any other modification of the carbon 
skeleton. This view apparently is favored by Caputto et al. (3) who have 
given the name of galactowaldenase to an enzyme preparation capable 
of effecting the interconversion of galactose-l-phosphate and glucose-1- 
phosphate. (b) The one hexose may arise by synthesis from fragments de- 
rived from the cleavage or degradation of the other hexose. This view is 
rendered less likely by the finding that glycogen synthesized in a medium 
of D,O contains no more stable deuterium when galactose rather than when 
glucose is administered (4). (c) Rearrangement of the hexose molecule 
may occur through the intermediate formation of an appropriate cyclo- 
hexitol. Fischer (1) has pointed out the steric possibility of the intercon- 
version of galactose and glucose proceeding via /-inositol (Fig. 1) and there 
is the additional possibility of the intervention of mucoinositol (Fig. 2). 

In order to ascertain which of these mechanisms is operative in the 
conversion of galactose to glucose in the body of the rat, galactose-1-C“ 
has been prepared and administered by stomach tube to previously fasted 
rats. After 3 hours glycogen was isolated from their livers, and the dis- 


tribution of isotope among the carbon atoms of the constituent glucose 


molecules studied. It was anticipated that if mechanism (a), simple epi- 


- merization, predominated, the glucose formed should be found to contain 


C* chiefly in the 1 position. In so far as mechanism (b), cleavage followed 
by recondensation, occurred, one would expect a redistribution of isotope 


yielding glucose more or less symmetrically labeled, with position 6 en- 


riched to approximately the same extent as position 1. If the transfor- 
mation proceeded over l-inositol, galactose-1-C™ should yield specifically 
glucose-4-C™, whereas if it proceeded over mucoinositol, glucose labeled 
in positions 1, 2, 4, and 5 would be expected, depending on the site of 
cleavage of the inositol ring. 
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EXPERIMENTAL 


Synthesis of was condensed with 
according to the method of Fischer and Ruff (5). HC™“N was generated 
from 400 mg. of NaC“N containing | me. of C™“ in an apparatus similar 
to that described by Koshland and Westheimer (6) and was distilled into 
a solution of 1 gm. of lyxose in 1.4 ml. of H,O. After 10 days at room 
temperature, the resultant mixture of galactonamide and talonamide was 
converted to the corresponding mixture of barium hexonates (5) and free 
hexonic acids were regenerated by passage of the solution through a column 


c—¢ 
Neat gat 
5 6 2 3 
0-galactose /-inositol D-glucose 


Fic. 1. Possible mechanism involving |-inositol as an intermediate 


b 5 6 
Gmc gat 
o-galactose -inositol d-glucose 


Fic. 2. Possible mechanisms involving mucoinositol as an intermediate. Cleav- 


age at a yields 1-labeled glucose; at b, 5-labeled glucose; at c, 4-labeled glucose; at 


d, 2-labeled glucose. 


containing the cation exchange resin Amberlite IR-100-H. Galactonic 
acid was isolated from the solution as its cadmium salt according to Fischer — 
and Ruff (5). Yield, 531 mg. (32 per cent of theory). 


This salt was reconverted into free acid a 
former in 325 ml. of H,O through a column containing 35 ml. of Amberlite — 


IR-100-H. 1.5 gm. of non-isotopic y-galactonolactone were added to the 
eluate and the resulting solution was concentrated in vacuo to a thick syrup 
which was further heated at 100° in vacuo to induce crystallization. This 
product, once recrystallized from 35 ml. of absolute ethanol, melted at 
134-136°. Yield of y-galactonolactone, 1.7 gm. (89 per cent of theory). 


This lactone was reduced to galactose by means of Na-Hg according 


to Sperber et al. (7), and the product, recrystallized from aqueous meth- | 
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anol, melted at 168-170°. Yield, 76 per cent of theory. The over-all 
yield, calculated on the basis of NaC“N, was 21.3 per cent of the theo- 
retical. 

In order to establish the radiochemical homogeneity of the product, 
it was distributed on a one-dimensional paper chromatogram and the strip 
of paper was subsequently explored with a thin mica window Geiger- 
Miller counter. The presence of only one detectable peak of radioac- 
tivity indicated that the galactose was free of appreciable contamination 
by any radioactive impurities." 

Administration of Isotopic Galactose to Rats—In each experiment 0.5 gm. 
of galactose-1-C™ (78,600 ¢.p.m. per milliatom of C) dissolved in 3 ml. 
of H.O was administered by stomach tube to an adult white male rat of 
the Sherman strain, which had previously been fasted for 18 hours. 3 
hours later the rat was killed by a blow on the head, and the liver was 
quickly removed and digested with hot 30 per cent aqueous KOH. The 
isolated glycogen was purified first by the procedure of Bell and Young 
(8) and then by alcohol precipitation from water (9). In Experiment I, 
the rat weighed 218 gm., the liver 7.2 gm., and the yield of glycogen was 
38 mg. In Experiment II, the rat weighed 221 gm., the liver 6.4 gm., 
and the yield of glycogen was 43 mg. The radioactivities of these samples 
are shown in Table I. 

Isolation of Galactose from Urine—The urine excreted by the rat in 
Experiment I was collected, filtered, and concentrated in vacuo to a volume 
of 1 ml. An aliquot was converted to CO, by combustion and counted 
as BaCO;. On the basis of this count it was estimated that 11 per cent 
of the C™ administered had been excreted in the urine. 

To the remainder of this urine sample were added 0.1 ml. of phenyl- 
hydrazine and several drops of ethanol. After 1.5 hours at room tem- 
perature, the precipitated galactose phenylhydrazone was collected and 
recrystallized from absolute ethanol; m.p. 158-160°. The specific activity 
of the galactose in this material was 78,100 ¢.p.m. per milliatom of C. 

Degradation and Allocation Studies—Each glycogen sample was hydro- 
lyzed and the resultant glucose degraded by methods previously described 
(10). These methods include two successive Wohl degradations, to isolate 
carbons | and 2, as well as a periodate oxidation of glucosazone, to isolate 
carbons ( 1 + 2 + 3), (4 + 5), and 6. Because unexpectedly high specific 
activities were encountered in the HCN liberated by the second Wohl 
degradation in each experiment, it was determined to investigate the speci- 
ficity of the source of this carbon atom. 

An authentic sample of p-glucose-1-C", prepared from arabinose and 


‘The authors wish to acknowledge the assistance of Mrs. Jean Benedict, who 


conducted these chromatographic studies. 
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HCN (6), was degraded in identical fashion by two successive Wohl — 
degradations (Table II). From these figures it is apparent that, whereas — 
the specific activity of C-1 is, as expected, very nearly 6 times as high as — 


that of the glucose, the HCN liberated by the second Wohl degradation, 
purporting to arise from position 2 of glucose, is contaminated to the 
extent of 9.5 per cent by carbon from position 1. The cause of this un- 
expected contamination has not yet been determined. The present find- 
ings, however, require the application of minor numerical corrections to 


Tasie I 


Incorporation of C'* into Normal Rat Liver Glycogen 3 Hours 
after Oral Administration of Galactose-1-C™ 


| Glycogen 
Experiment 
| | | — 
C | on | orem | 
Liver glycogen 43,500 5.5K 10) 
If Galactose administered 78,600 1.3 108 53 
Liver glycogen 46 | 
Il 
Subjection of Synthetic Glucose- — lo Two Successive Wohl Degradations 
Source of carbon specific activity | 
Glucose-1-C™. | 7,400 | 100 
HCN from Ist degradation. 43,900 | 98 .9* 
“ 2nd 4,200 | 9.5 


* Sample calculation, (43,900/6 X 7400) X 100 = 98.9. _ 


results previously reported which were based on this technique of degra- — 


dation (10). 
In reporting the results of the present degradation studies on samples 


of liver glycogen (Table IIT), the actual analytical values for the several _ 
fractions are given, together with corrected values for C-2 in which is | 


taken into account the contamination, mentioned above, by C-1 of the 
HCN liberated by the second Wohl degradation. 

Study of Liver Glycogen for Possible Incorporation of Galactose—The sam- 
ples of glycogen recovered from the present experiments, after the feed- 


ing of radioactive galactose, offered an unusual opportunity to ascertain — 
whether, under these circumstances, galactose as such is incorporated into — 
the polysaccharide structure of liver glycogen. In view of the report that — 
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liver glycogen, after galactose feeding, differed from that found after glu- 
cose feeding (11), even though a later study (12) failed to reveal such a 
difference, the possibility was entertained that small, hitherto undetected 
amounts of galactose might enter the glycogen molecule when this sugar 
was fed. 

Accordingly, half of the glycogen isolated from the liver in Experiment 
II (containing 30,000 ¢.p.m.) was hydrolyzed in the presence of 200 mg. 
of non-isotopic galactose. Galactose phenylhydrazone was isolated and 
repeatedly recrystallized to constant radioactivity from absolute ethanol; 


Ill 
Allocation of C™ in Liver Glycogen from Normal Rats Fed 
Galactose-1-C™ 
| Corrected 
Compound analyzed Source of carbon | = specific 
| 
| K | percent | per cent 
I CoH yO, | Glucose 591 100 
HCN C-1 9710 91.3*° 
o C-2 1060 9.9 1.4t 
C-1+2+ 3) 670 04.5 
HCOOH C-(4 + 5) | 158 2.9 
HCHO C-6 276 2.6 
ll yO, (Cull Glucose 571 100 
HCN C-1 9670 4.1 
oe C-2 860 8.4 (—0.6) 
ChH,0  C-(l + 2 + 3) 690 | (101) 
HCOOH C-(4 + 5) 118 2.3 
HCHO 177 1.7 


* Sample calculation, (9710/18 X 591) X 100 = 91.3. 
t Sample calculation, (1060/9710) X 100 = 10.9; 109 — 95 = 14. 


m.p. 158-160°. An infinitely thick layer of BaCO, derived from this ma- 


terial exhibited <1 ¢.p.m. above background, indicating the presence of 
no more than 0.3 per cent of radioactive galactose in the glycogen hy- 


drolysate. 
Analytical Methods—All samples were converted by dry combustion to 


) CO, which was then precipitated as BaCO,, plated, and counted as pre- 


viously described (13). In the present communication, specific activity 
is reported as counts per minute per milliatom of C. 


DISCUSSION 
The major finding of the present experiments is that the administration 


of galactose-1-C™ to fasted rats results in the formation of glycogen in 
_ Which the label is found almost exclusively in the corresponding 1 position 
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of the constituent glucose molecules. In the liver glycogen recovered over _; 
50 per cent of the hexose units had arisen from administered galactose and _—_¢ 
about 90 per cent of the C" in glycogen could be shown to reside in position = 7 
1 of the glucose obtained on hydrolysis. From this it may be inferred — 
that the predominant pathway by which galactose is transformed into 
the glucose configuration in the body of the rat involves a more or less ig 
direct Walden type of inversion at carbon atom 4 without any rupture of | 1) 
the carbon skeleton. Cleavage to 3-carbon fragments followed by resyn- 12 
thesis of hexose appears to be excluded as a mechanism, as is any mecha- — 
nism involving /-inositol as an intermediate (Fig. 1). The intervention — 
of mucoinositol as an intermediate, if continuously bound to enzyme or — 
otherwise asymmetrically substituted, cannot be excluded since it could, | 
by unique cleavage at bond a, Fig. 2, yield glucose labeled in the 1 posi- — 
tion. Free mucoinositol appears to be excluded as an intermediate, since, 
by virtue of the peculiar symmetry of this compound, bonds a, b, c, and 
d are sterically identical. Even if the Ogston concept of three point at- 
tachment is taken into account (14), there would be no distinction bet ween 
bonds a and c. 

Incident to the present study, it was found that the urinary galactose 
recovered after galactose feeding was undiluted with respect to isotope 
during passage through the rat. This finding shows that no significant 
amount of galactose generated by the tissues of the male rat had oppor- 
tunity to mix with ingested galactose prior to excretion of the latter in 
the urine. By use of a sensitive carrier technique it could further be shown — 
that there was no detectable quantity of galactose incorporated as such — 


in liver glycogen. 


on 


SUMMARY 


p-Galactose-1-C™ has been synthesized and administered by stomach 
tube to fasted rats. Over 50 per cent of the glycogen recovered from their 
livers after 3 hours was shown to have arisen from fed galactose, and about 
90 per cent of the isotope in this glycogen was shown to reside in position — 
1 of the glucose obtained on hydrolysis. ) 

These results are taken to indicate that the biological transformation — 
of p-galactose to p-glucose proceeds via a direct epimerization at carbon — 
atom 4 without rupture of the carbon skeleton. : 
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METABOLISM OF SORBITOL AND GLUCOSE COMPARED 
IN NORMAL AND ALLOXAN-DIABETIC RATS 
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(From the Division of Nutrition and Physiology, The Public Health Research Institute 
of the City of New York, Inc., New York, New York) 
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The question of the extent to which compounds structurally related to 
glucose are glucogenic in the rat has been the subject of earlier studies. 


_ The metabolic fates of meso-inositol (1), p-gluconic acid (2), and p-galac- 


tose (3) have been investigated after administration of isotopically labeled 
preparations of these substances. The present report deals with an ex- 
tension of this line of investigation in which p-sorbitol and p-glucose have 
been studied in experiments essentially paralleling those with gluconic 
acid. 
Sorbitol has been shown to be well utilized by a variety of species in- 
cluding man and dog (4), pigeon (5), mouse (6), rabbit (7), and rat (8, 9). 
When administered in limited doses, very little sorbitol is excreted (4, 6), 
but when larger amounts are given up to 50 per cent may be lost in the 
urine (9). 

The injection of sorbitol into the fasted rat is followed by an increase 
in the quantity of glycogen in the liver (8, 9). Oral administration gave 
conflicting results, some workers finding (9, 10) and other workers failing 
to find (11, 8, 12) an increase in hepatic glycogen. The intraperitoneal 
injection of sorbitol into fasted rats resulted in a greater increase in liver 
glycogen and a lesser increase in muscle glycogen than was provoked by 


_ parallel glucose administration (13). 


From experiments in which sorbitol was perfused through the liver of 
the previously phlorhizinized dog, Embden and Griesbach (14) suggested 
that fructose rather than glucose might be the initial oxidation product 
of sorbitol, a view which has received some support elsewhere (8, 15, 16). 

The possible usefulness of sorbitol in the diet of diabetic patients sug- 


gested by Thannhauser and Meyer (4), precipitated a controversy in the 


clinical literature which has been adequately reviewed elsewhere (9, 12, 17). 

The present experiments were designed to study the fate of sorbitol as 
compared with glucose in the non-fasting normal rat and also to deter- 
mine the effect of alloxan diabetes upon sorbitol metabolism. Because 
of the known low rate of absorption of sorbitol from the intestinal tract 


(12) the test materials, uniformly labeled C"-glucose and C"-sorbitol de- 


_ Tived from it, were administered by intraperitoneal injection. The use 
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of isotopically labeled compounds permitted the employment of contin. 


uously fed rats in contrast to the fasted rats used by others. Glycogen 
of liver and carcass, expired CO:, urine, and various tissue constituents — 


were studied. 
EXPERIMENTAL 


Preparation of Sorbitol Uniformly Labeled with C'“—10 gm. of C*-glucose, 
made from uniformly radioactive starch prepared as previously described 


(2), were reduced to sorbitol essentially by the method of Ipatiew (18). ’ 
2 gm. of PdCl,-2H,O were hydrogenated at room temperature and 1500 


poynds pressure for 15 minutes. The bomb was opened and the Pd washed 
five times with water by decantation to remove HCl. A solution of the 
10 gm. of radioactive glucose dissolved in 30 ml. of 20 per cent aqueous 
ethanol was added to the reduced catalyst and the reduction was carried 
out at 105-108° and 1450 pounds pressure of H, with shaking for 5 hours. 

The catalyst was removed by filtration, the solution was evaporated 
to dryness in vacuo, and the residue was extracted with hot pyridine from 


which sorbitol crystallized as its pyridine complex. This procedure has| 


been found to be effective in separating sorbitol from reducing sugars (19) 
and from mannitol (20). After the removal of two crops of sorbitol- 
pyridine, 2 gm. of non-isotopic sorbitol were added to the mother liquor 
as carrier and two more crops of the compound were isolated. The conm- 
bined crops of sorbitol-pyridjne complex were twice recrystallized from 
pyridine. The yield of sorbitol-pyridine, dried in vacuo over H,SO, at 
room temperature, was 9.244 gm. Pyridine was quantitative’y removed 
by heating at 80° and 1 mm. pressure over H,SO, for 48 hours. 6.441 
gm. of anhydrous sorbitol were obtained. — 


CoH yOc-CsHsN. Calculated, sorbitol 69.8; found, sorbitol, (6.441 X 100)/9.244 


= 


CcHyOs. Calculated, C 39.6, H 7.7; found, C 39.3, H 7.7 
C™, 27,000 c.p.m. per milliatom C 


To establish the freedom of this sorbitol from radioactive glucose, 40 
mg. of normal glucose were dissolved in solution with 200 mg. of C 
sorbitol, and glucose was isolated as glucosazone. The recrystallized glu- 
cosazone was found to be non-radioactive. 

Preparation of Glucose Uniformly Labeled with C'—A sample of un- 
formly radioactive glucose made from bean leaf starch was diluted in solu- 
tion with normal glucose to obtain a sample of about the same specific 
activity as the sorbitol. This glucose, recrystallized twice from aqueous 


alcohol, contained 24,700 ¢.p.m. per milliatom of C. 


C.HyOs. Calculated, C 40.0, H 6.7; found, C 39.9, H 6.7 | 
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Administration of C'-Sorbitol and C"-Glucose to Normal Rats—In all of 
the experiments, adult male white rats of the Sherman strain, weighing 
between 216 and 307 gm., were injected intraperitoneally with a single 
dose of the radioactive material and then maintained in a desiccator modi- 
fied for quantitative collection of expired CO, and excreted urine (2). 
The diet, offered ad libitum before and during the experiments, consisted 
of 15 per cent casein, 68 per cent corn-starch, 5 per cent yeast powder, 
4 per cent Osborne-Mendel Salt Mixture 1, 2 per cent cod liver oil, and 
6 per cent refined cottonseed oil. Each rat was acclimatized to the desic- 
cator for 1 day prior to the experiment. In one case, 2.32 mm of C*- 
sorbitol per 100 gm. of rat were injected. In all other experiments, 1 mm 
of either C'-glucose or C'-sorbitol was given per 100 gm. of rat. 

At 6, 12, or 24 hours after the injection, each rat was killed by a blow 
on the head, the liver quickly removed and ground with trichloroacetic 
acid, and glycogen precipitated by ethanol. The glycogen was purified 
by reprecipitation once from 10 per cent KOH solution and twice from 
water. In several cases, lipide was extracted with alcohol and ether from 
the trichloroacetic acid-insoluble residue of the liver. The fat was hy- 


— drolyzed by boiling in ethanolic KOH and the non-saponifiable and fatty 
acid fractions were isolated by petroleum ether extraction before and after 


acidification. Cholesterol was precipitated from an alcoholic solution of 
the non-saponifiable fraction by the addition of a 1 per cent solution of 
digitonin in 80 per cent ethanol. The residue of the liver, freed of glyco- 
gen and lipide, was analyzed as “liver protein.” The protein fraction was 


— hydrolyzed and glutamic acid hydrochloride was crystallized from the hy- 


drolysate in a small volume of concentrated HCl and further purified by 
recrystallization. The total carcass of each rat, after rapid removal of 
the internal organs, was ground in a meat chopper and dissolved in hot 
30 per cent aqueous KOH. “Carcass” glycogen was precipitated from 
this solution by the addition of 1.4 volumes of ethanol and was purified 
by solution and reprecipitation once from 5 per cent trichloroacetic acid 
and twice from water with 1.2 volumes of ethanol. 

All samples of urine collected from these normal rats gave negative 
qualitative Benedict’s tests for reducing substances. All samples were 
analyzed for carbon by wet combustion (21) and all assays of radioactivity 
were performed on BaCO; samples prepared as previously described (2). 
Specific activity is here defined as counts per minute per milliatom of 
carbon. 

Comparison of Liver Glycogen Isolated by Trichloroacetic Acid Method and 


KOH Method—In view of the report that the quantity and nature of liver 


glycogen obtained after KOH digestion and by trichloroacetic acid (TCA) 
extraction may differ (22) we have isolated glycogen by both methods 
from the liver of one of our rats and compared the quantity and specific 
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activity obtained at various stages of purification. A 240 gm. rat given | 


437 mg. of C"-sorbitol by intraperitoneal injection was killed at the end 
of 12 hours and the liver quickly removed, divided approximately in half, 
and each half weighed. One-half was heated in 10 ml. of 30 per cent 
KOH for 3 hours and the glycogen precipitated from the resulting solution 
by the addition of 1.4 volumes of ethanol. After several hours, the pre- 
cipitate was washed successively with 60 per cent, 95 per cent, and absolute 
ethanol and redissolved in water. Some water-insoluble slimy material 
was removed by filtration and the glycogen was reprecipitated with 1.2 


TaBie 
Yield and Specific Activity of Liver Glycogen Purified in Various Ways 
The liver of a rat given C'*-sorbitol was divided in half and glycogen was iso- 
lated from the one portion (Sample A) after KOH digestion and from the other 
(Sample B) by trichloroacetic acid extraction. 


Sample 


A KOH digestion 


Reprecipitated once from H;O 367 600 
= twice more from H,O 854 647 
from TCA and twice from H,0 658 
B TCA extraction 
Reprecipitated once from. H,0 359 639 
from KOH and once from H,O 360 647 
twice from H,0* «B42 654 


* The first of these precipitations was by the addition of acetic acid to a fine 


concentration of 80 per cent (23). All other precipitations were by addition of — 


ethanol to a final concentration of about 60 per cent. 


volumes of ethanol and again washed with increasing concentrations of 
ethanol. The glycogen obtained was dried over PO; and weighed. The 
other half of the liver was quickly ground with sand in cold 10 per cent 
trichloroacetic acid, filtered, and further extracted twice with 5 per cent 
trichloroacetic acid. Glycogen was precipitated from the combined fil- 
trates by the addition of 1.4 volumes of ethanol. After several hours, the 
precipitate was centrifuged, washed with 60 per cent ethanol, redissolved 
in H,O, the nearly clear solution filtered, and glycogen reprecipitated with 
1.2 volumes of ethanol. 

Each of these samples was further reprecipitated and reanalyzed several 
times. The methods and results are shown in Table I. After glycogen 
was adequately purified, both the yield and the specific activity were in- 
dependent of whether the initial extraction from liver was by means of 
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~ hot KOH or cold trichloroacetic acid. The initial alcohol precipitate from 
the KOH digest contained a large amount of material which, on the basis 
of its insolubility in water and subsequent elimination by several repre- 


cipitations, was considered not to be glycogen. This contamination may 
account for the results of Bloom ef al. (22) who determine glycogen by 
measurement of reducing substances in the acid hydrolysate of the crude 
precipitate. 

Administration of C™-Sorbitol and C™-Glucose to Diabetic Rat—An adult 
male white rat of the Sherman strain, weighing 225 gm., was made diabetic 


by the subcutaneous injection of 200 mg. of alloxan monohydrate per kilo 


of rat. This rat developed a cataract in one eye and a severe polyuria 
and glucosuria. Given the synthetic diet and water ad libitum, the animal 
excreted between 20 and 22 gm. of glucose in a volume of approximately 
200 ml. of urine each day for 8 weeks, before, during, and after the four 
experiments in which it was employed. The same rat was used repeatedly 
in order to obtain comparable data. After each injection of radioactive 


- material, it was found that the radioactivity of the urine had fallen to 


background within 3 days. An interval of 7 days was allowed between 
the successive experiments, at which times the rat weighed 212, 206, 202, 
and 205 gm. 1 mm of either radioactive glucose or sorbitol per 100 gm. 
of rat was injected intraperitoneally exactly as was done with the normal 
rats, and expired CO, and excreted urine were collected. Urinary glucose 


was isolated as glucosazone and recrystallized before analysis. 


DISCUSSION 


In Table II are given the findings in normal rats killed 6, 12, and 24 
hours after the intraperitoneal injection of a single dose of equivalent 


amounts of glucose or sorbitol uniformly labeled with C. 


When glucose was administered, approximately 50 to 60 per cent of its 
carbon was recovered in expired CO, mostly excreted during the first 6 

ours. Between 11 and 13 per cent of the isotopic carbon was found in 

e urine despite the absence of demonstrable reducing substances. The 
specific activity of the total urinary carbon after 6 hours was about one- 
third as high as that of the glucose injected and more than 3 times as 
high as the expired CO:, indicating that some unidentified organic com- 
pound derived from glucose is lost in the urine. The radiochemical yield 
of liver glycogen rose from 3.6 per cent at 6 hours to 7 per cent at 12 hours 
and, incident to rapid turnover of liver glycogen, fell to less than 1 per 
cent by 24 hours after injection of glucose. At 12 hours, about 4 per cent 
of the liver glycogen was derived from injected glucose. The sum of the 
radioactivities of the urine, expired CO:, and liver glycogen accounted 
for about 70 per cent of the dose administered. An indication of the dis- 
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tribution of the remainder of the C' administered as glucose is found in 
the detection of radioactivity in the carcass glycogen and the proteins, 
glutamic acid, fatty acids, and cholesterol of liver. 


TaBLe II 
Distribution of Radioactivity after Intraperitoneal Injection of 1 mm of C'*-Glucose 
or C'%-Sorbitol per 100 Gm. of Normal Rat 


Glucose injected, 24 hrs. Sorbitol injected, 24 hrs.* 


cent of 


Sample analyzed Per cent of ‘Per 
Compound injected..... 17.7 24,700 | 100 18.4 27,000 | 100 
Expired CO;............ 304 845 | 58.9 360 800 | 64.4 
Urine... 2.7 | 2,800] 11.7 | 28.2 | 4,100] 19.4 
Liver glycogen 221 75 0.12 
Carcass glycogen... _.. 8.3. 290 0.6 3.9 | 165 0.13 
Liver protein............ 64.5 60 =—s «0.9 | 62 
glutamic acid... 97 | 117 
...... | | 23 | 32 
cholesterol. ... 74 | 86 


| Glucose 12 hrs.t 


Compound injected. . 13.0 24,700 100 | 14.4 27,000 100 
Expired 160 984 | 49.0 166 | 1,250 | 53.5 
| 9.0 4,740 13.3 | 8.8 | 8,110 18.3 
Liver glycogen. 1,080 7.0 13.5 2.2 
Carcass slyeogen . . | 15.1 386 1.8 20.0 | 141 0.7 


Glucose injected, 6 hrs.* 


— 


24,700 | 100 | 


Compound injected | 4 14.5 27,000 100 

Expired CO,.... «88.5 | 2,250 53.4 77.5 3,000 | 59.5 
Urine. . 5.25 8,300 11.7 4.08 | 8,500 8.9 
Liver glycogen... 21.6 6146 36 | 17.9 | 509 2.3 
Carcass glycogen . 12.1 4785 | 1.8 | 13.6 316; 1.1 


Injected at 10: a.m. 
t Injected at 10 p.m. 


When these results are compared with parallel results obtained follow- 
ing sorbitol injection, considerable similarity in the two sets of data are 
noted. For each time interval, a slightly greater fraction of the sorbitol 


carbon is recovered in expired CO, than was found when glucose was given. 
In the 12 and 24 hour experiments, a somewhat larger fraction of the dose — 
administered was recovered in the urine, possibly the result of the elimina- 
Both the quantity of hepatie glyco- | 


tion of some unmetabolized sorbitol. 
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gen and its specific activity were lower after sorbitol administration than 
after glucose injection, and consequently a smaller fraction of the ad- 
ministered carbon was recoverable in liver glycogen after sorbitol than 
after glucose at each time interval studied. Similar results are noted in 
the case of carcass glycogen, for which again in each case the radiochemical 
yield was slightly poorer from sorbitol than from glucose. As with glu- 
cose, so with sorbitol a wide distribution of C™ was found in other com- 
pounds isolated. Recoveries of 70 to 80 per cent of sorbitol carbon were 
obtained in the sum of the fractions mentioned. 

In one 24 hour experiment (Table III) somewhat over twice the dose 
of sorbitol was given intraperitoneally in order to secure data comparable 
to those of the earlier gluconic acid experiment (2). The notable dif- 


TaB.e III 
Distribution of Radioactivity after Intraperitoneal Injection of 2.82 
mM of C'-Sorbitol per 100 Gm. of Normal Rat 


| | Sorbitol injected, 24 hrs. 
Sample analyzed 
Total carbon specific activity |PeF cent of injected 

Compound injected............... 33.0 27 ,000 100 
Liver glycogen.................... 15.2 2,430 4.2 

“ cholesterol.................. | 150 


ference observed at this higher dosage is a better radiochemical yield of 
liver glycogen. 

These findings lead to the conclusion that sorbitol parenterally adminis- 
tered is metabolized to CO, at least as rapidly and perhaps slightly more 
rapidly than is glucose. It is in addition strongly glycogenic, but, when 
compared with glucose, in the well nourished rat, it appears to be a less 
active precursor of glycogen both in liver and in muscle. Johnston and 
Deuel (13) have reported that, in the rat fasted for 48 hours, somewhat 
more glycogen accumulates in the liver after sorbitol than after glucose 
administration. The apparent discrepancy between these and the pres- 
ent results may well be due to the difference in nutritional state in that 
in the present experiment the animals had access to a high carbohydrate 
diet before and during the experiments. The combination of findings that 
sorbitol is more extensively oxidized to CO, and less effectively incorpo- 
rated into glycogen than is glucose suggests that sorbitol enters the gly- 


colytic cycle at some point below glucose-6-phosphate and appears to be 
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compatible with the suggestion of Embden and Griesbach (14) that fruc- 
tose rather than glucose is the initial product of sorbitol oxidation by 
animal tissue. 

When the isotope distribution patterns of glucose and sorbitol in the 
alloxan-diabetic rat are compared (Table IV), a similarity between the 
results obtained with the two test substances again is noted. The major 
portion of the carbon administered, 80 to 90 per cent, was in every case 
recovered in the urine. It is noteworthy that when glucose was injected 


TaB.Le IV 
Distribution of Radioactivity after Intraperitoneal Injection of 1 mm of 
C'*-Glucose or C'-Sorbitol per 100 Gm. of Diabetic Rat 


Glucose injected, 12 hrs.* Sorbitol injected, 12 hrs.* 
Sample analyzed [Per cent of cent of 
Total fic |* 
carbon |'actvty | imjected | carbon [activity | 
Compound injected........... 12.7 | 24,700 | 100 12.4 | 27,000 | 100 
Expired CQ,, 0-12 hrs..... ...| 165 170 8.9 | 169 169 8.6 
63.4 31 0.6 68.4 60 1.2 
Urine, 0-12 hrs.......... ....| 344 815 | 89.2 | 348 748 | 77.6 
121 41 1.6 88 230 6.0 
Urinary glucose, 0-12 hrs...... 333 855 348 620 
Glucose injected, 6 hrs.t Sorbitol injected, 6 hrs.t 
Compound injected........... 12.3 24,700; 100 12.1 | 27,000 | 100 
Expired COsz, 0-6 hrs.......... 67.7 292 6.5 68.9 | 124 2.6 
180 1,480 | 87.5 144 2,030 | 89.4 
508 18 3.0 535 40 6.5 
Urinary glucose, 0-6 hrs....... 183 1,440 134 | 744 


* Injected at 10 p.m. 
t Injected at 10 a.m. 


the specific activity of urinary glucose was essentially the same as that of 
total urinary carbon, whereas, following sorbitol injection, the specific ac- 
tivity of urinary glucose, though high, was significantly lower than that 
of the total urinary carbon. This difference may again be attributed to 
the urinary excretion of unchanged sorbitol. 

From the recoveries of C™ in expired COkz, it is clear that a far smaller 
portion both of sorbitol and of glucose injected is oxidized to completion 
in the diabetic than in the normal rat. The radiochemical yields of CO: 
‘are comparable from the two test substances and are far less than those 
‘obtained in the non-diabetic animals. The recoveries of C" in urine plus 
expired CO:, ranging from 95 to 100 per cent, indicate that very little 
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of the carbon derived from either glucose or sorbitol could have persisted 
in the tissues of the diabetic rat after 6 to 12 hours. 


The authors wish to acknowledge the valuable technical assistance of 
Mr. Harold I. Nachimson. 


SUMMARY 


The metabolic fates of glucose and sorbitol have been compared follow- 
ing intraperitoneal injection of these substances uniformly labeled with 
C* into well nourished normal and alloxan-diabetic rats. Sorbitol carbon 
was abundantly recovered in COs, urinary glucose, liver and muscle gly- 
cogen, and other tissue constituents. In normal rats, sorbitol was oxi- 
dized to CO, at least as extensively as was glucose, but sorbitol was some- 
what less effective as a precursor of muscle and liver glycogen than was 
glucose. 

In the diabetic rat, sorbitol was strongly glucogenic and, following in- 
jection of either glucose or sorbitol, the major portion of the carbon ad- 
ministered was excreted in the urine. The extent of oxidation of both 
test substances to CO, was markedly diminished in the presence of diabetes. 
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PHOTOSYNTHESIS OF SUCCINIC ACID BY CHLOROBIUM 
THIOSULPHATOPHILUM 


By HELGE LARSEN* 
(From the Hopkins Marine Station of Stanford University, Pacific Grove, California) 


(Received for publication, May 8, 1951) 


Because of their striking differences from classical green plant photo- 
synthesis, bacterial photosyntheses have been an object of considerable 
interest among biochemists. The photosynthetic purple bacteria are, for 
example, characterized by their ability to utilize simple organic compounds, 
particularly the lower fatty acids, as carbon sources in photosynthesis. 
They grow profusely under anaerobic conditions in the light in a mineral 
medium containing propionate, and the amount of cell material synthe- 
sized is determined by the amount of propionate available. It has been 
shown (1-4) that the conversions taking place can be approximately ex- 
pressed by the following simple equation. 

CO: + 2CH,CH,COONa + 31,0 “8%, + 2NaOH 
In the absence of light no cell synthesis takes place under anaerobic con- 
ditions. 

The photosynthetic green sulfur bacteria have not been investigated 
extensively; the only species thus far studied under controlled conditions, 
Chlorobium limicola, is unable to utilize simple organic compounds for 
growth (4). More recently other species with physiological properties dif- 
ferent from those of C. limicola have been obtained (5). It is shown in 
the following presentation that resting cells of Chlorobium thiosulphato- 
philum bring about a light-dependent conversion of propionic acid and 
CO, to succinie acid. 


EXPERIMENTAL 


Methods—Growth experiments were carried out in 60 ml. glass-stoppered 
bottles by the technique previously described (5). The bottles were filled 
with a medium of the following composition: 0.1 per cent KH,PO,, 0.1 per 
cent NH,Cl, 0.05 per cent MgCh, | per cent NaCl, 0.2 per cent NaHCO,, 
0.01 per cent Na.S-9H,O (to insure anaerobiosis), 0.15 mg. per cent FeCl, 
and 0.05 to 0.2 per cent Na propionate in tap water; pH generally 7.0 to 
7.2. 

For manometric experiments an actively reproducing culture grown in 

* Fellow of the Royal Norwegian Council for Scientific and Industrial Research, 
1947-50. Permanent address, Aalesund, Norway. 
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the mineral medium containing 0.15 per cent NaS,O; in place of propio- 
nate was used. The cells were centrifuged and suspended in an O,-free 
m/40 phosphate buffer made up with tap water containing | per cent NaCl. 
2 mi. of the suspension, containing about 40 mg. (wet weight) of cells, were 


used in the main compartment of the Warburg vessel, 0.1 ml. of 0.1 w 


Na propionate in one side arm and 0.1 ml. of 2.5 Nn H»SO, in the other. 
The vessels were gassed with an O.-free mixture of 5 per cent COs in N,, 
then placed in the water bath in the dark, and the propionate solution was 
washed into the main compartment. After equilibration the experiments 
were started by turning on the light. The vessels were illuminated from 
below with a saturating light intensity. At intervals, during which the 
pressure changes were noted, the reaction was stopped in individual vessels 
by addition of the acid, and the over-all change in total CO, as a function 
of time was calculated. 

Fixation experiments with CO, were done in a similar way, and radio- 
active succinic acid was isolated after addition of inactive carrier by ether 
extraction and precipitation as silver succinate. After removing Ag* as 
AgCl, the solution was boiled with acid KMnQO, to remove oxidizable 
substances contaminating the precipitate, and the succinic acid was again 
extracted with ether and precipitated as silver succinate. The succinic 
acid was degraded as described by van Niel ef al. (6). 

Samples to be tested for radioactivity were mounted on Cu or Al disks 
as very thin layers. For counting, a Tracerlab model TGC-2, operated 
in connection with the autoscaler, was used. In Tables I, II, and III the 
errors due to inaccuracies in counting are given. 


Results 


Growth Experiments—W ith thiosulfate as electron donor a profuse growth 
of C. thiosulphatophilum invariably occurred (5). If propionate was sub- 
stituted for thiosulfate, growth was very poor, and only slightly better than 
in cultures without propionate. Varying the concentration of propionate 
and the pH of the medium did not improve the result. In view of the 
scanty growth it seemed improbable that much propionate would have 
been utilized for synthesis of cell material, and therefore the metabolic 
function of propionate was investigated manometrically with resting cells. 

Manometric Experiments—The results of a typical experiment are pre- 
sented in Fig. 1. During a period of about 2 hours gas uptake was ob- 
served (Curve B), and this was accompanied by a progressive decrease in 


the amount of bicarbonate in solution (Curve C). The net result (Curve — 
A) is a disappearance of CO, which stopped abruptly after 9.5 um had — 


been assimilated. No net fixation of CO, has ever been observed in light 
in the absence, or in darkness in the presence, of propionate, thus showing 


that the presence of both light and propionate are required for CO, fixation. — 
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If, during active fixation, the light is turned off, the reaction comes to a 
sudden stop, but it is instantly resumed when the light is turned on again. 

Experiments with suspensions in phosphate buffer at different pH have 
shown the reaction to proceed most rapidly and completely in a neutral 
medium. 

The following facts clearly imply that the reaction observed cannot be 
similar to that carried out by purple bacteria in the presence of propionate, 
represented by Equation 1: (a) The failure of C. thiosulphatophilum to 


50 ISO 200 
time in minutes 


Fic. 1. Fixation of CO, by illuminated cells of C. thiosulphatophilum in the pres- 
ence of propionic acid. 10 um of Na propionate added at start. Curve A, total 
CO; fixed; Curve B, CO, absorbed from gas phase. Curve C, decrease of bicarbo- 
nate in the liquid phase. 


grow at the expense of propionate; (b) the decrease in bicarbonate of sus- 
pensions illuminated in the presence of propionate and CO,, demonstrating 
the formation of acidic products; (c) the observed 1:1 relationship be- 
tween the number of moles of CO, assimilated and of propionate added. 

Analysis of Metabolic Products—In a preliminary test with propionate 
and resting cells it was found at the time when CO, assimilation ceased 
that all volatile acid had disappeared. Succinate was found to be pres- 
ent in the ether extract by measurements of O, uptake with succinoxidase 
(7). 

A quantitative determination of succinic acid was carried out in a sepa- 
rate experiment. To a suspension containing about 75 mg. (dry weight) 
of bacteria in 60 ml., 300 um of Na propionate were added, and the mix- 
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I 
Fization of C“O, by Illuminated Resting Cells of C. thiosulphatophilum 
in Absence of Propionate 

Each vessel contained in one side arm 0.1 ml. of 0.136 « Na,C™O, with a total 
activity of 112,100 + 2000 ¢.p.m. Gas phase Nz + 1 per cent CO,. Total CO, in 
each vessel 500 wl. Carbonate solution washed into the main compartment at zero 
time. CO, fixed determined manometrically; C' fixed determined in liquid phase 
after addition of acid. 


COs fixed C fixed 
per of per comb of total 
25 0 0 | 14,900 + 400 13 
140 2 0 26,500 + S00 24 
400 6 ! 36,700 + S00 33 
Tasce Il 


Fization of CO, by Illuminated Cells of C. thiosulphatophilum 
in Presence and Absence of Propionate 
Gas phase N; + 1 per cent CO;. The medium at the start contained 0.1 ml. of 
0.136 wm Na,sC™O, with a total activity of 112,100 + 2000 ¢.p.m. and 0.1 mil. of 0.1 
m Na propionate. The experiments were stopped when no more CO, was being 
fixed in the vessel with propionate. 


Propionate Propionate absent — — 
present 
| ‘pm ‘pm cpm 
Total fixed......... 59,400 + 900 | 26,500 + 800 
Water-soluble frac- | | | | 
tion................, 39,600 + 600 66.7 15,300 + 57.7 24,300 73.9 
Water- and ether- | | | 
soluble fraction... 15,8004 530 27 2504 00 94 13,300 404 
Succinie acid frac- 
15,00 + 500 203.2 2,004 20 7.5 13,000 | 39.5 
III 


Distribution of Radioactivity among Degradation 
Products of Succinic Acid 
15 ml. of solution containing 14.8 mg. of succinic acid with a total activity of 
9300 ¢.p.m. 


| 
Fraction C.p.m. | Per cent of total 


200 | % 
50 | 2 
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ture was illuminated in large Warburg vessels in the presence of CO,. 
By manometric determination CO, assimilation amounted to 239 um and 
succinic acid (7) 163 um. This high yield indicated that succinic acid 
was formed partly from propionic acid C and partly from CO, C. 

Experiments with C“O;—An experiment was performed with a suspen- 
sion of illuminated cells of C. thiosulphatophilum in the absence of propio- 
nate. A negligible assimilation of CO, was observed manometrically. An 
analysis of the suspension for the presence of fixed C“ showed, however, 
that organic substances containing the carbon isotope had been formed 
(Table I). This experiment demonstrated that illuminated green bac- 
teria, in the absence of an external supply of electron donors, carry out a 
CO, assimilation with the concomitant oxidation of some cell constituents, 
the latter yielding an amount of CO, nearly equal to that assimilated. 

Table II shows the fractional distribution of fixed radioactive carbon 
in two parallel experiments, one with and one without added propionate. 
In the presence of propionate a net fixation of CO, occurred, and, at the 
time when CO, fixation ceased, more than twice as much radioactive car- 
bon was fixed as in the experiment without propionate. Assuming that 
the “endogenous” fixation had proceeded to the same extent in the pres- 
ence of propionate, the data of Table II indicate that 73.9 per cent of the 
C* assimilated with propionate was found in the H,O-soluble fraction, 
and that more than half of this quantity was present as substances also 
soluble in ether. The last fraction consisted practically entirely of suc- 
cinic acid, and the results show that CO, C makes up an important part of 
the succinic acid molecule. 

Table III gives the distribution of radioactivity among the degradation 
products of the purified succinic acid and shows that the radioactivity was 
situated almost entirely in the carboxyl groups. 


DISCUSSION 


The demonstration of succinic acid as a major metabolic product when 
resting cells of C. thiosulphatophilum are illuminated in the presence of 
propionic acid and CO, indicates the occurrence of a hitherto unknown 
type of photosynthesis. Since practically all CO, C is situated in the 
carboxyl groups of the succinic acid, it seems possible that the reaction 
mechanism may involve a C; + C,; condensation. 

Two different reaction paths should be considered. One involves a de- 
hydrogenation of propionic to pyruvic acid, and subsequent reductive 
carboxylation to malic acid, followed by a further reduction to succinic 
acid. The latter part of this mechanism, from pyruvie acid on, has 
already been suggested by Ochoa (8) as conceivably being coupled with the 
photochemical system of photosynthetic organisms. Unequivocal proof 
has, however, not yet been obtained in any biological system for a direct 
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dehydrogenation of propionic to pyruvie acid (9) or, for that matter, for 
the reverse of this reaction (10, 11). 

It is therefore of importance to consider an alternative reaction path 
involving a carboxylation of propionic acid itself, or some biologically 


activated form of propionic acid, to give succinic acid. This reaction has — 


never been experimentally demonstrated in a biological system, but has 
been suggested in a few cases (9, 10). However, the reverse of this re- 
action, i.e. a direct decarboxylation of succinic acid to form propionic 
acid and CO, has been presented as an explanation for the mechanism of 
formation of propionic acid by propionic acid bacteria and certain 
micrococci (10, 12, 13, 14). 

The experimental data presented in this communication would fit either 
of the above reaction mechanisms. 

Johns (10) calculated AF%, = +6899 calories for the reaction 


CH,CH,COO~ + = ~OOCCH,CH,COO~ + H,O 


This means that the equilibrium is far to the side of propionic acid, and 
that an accumulation of succinic acid in significant amounts can only be 
achieved by the coupling of this system with an energy-yielding process. 
The photochemical system in C. thiosulphatophilum might serve this func- 
tion, although the detailed mechanism of the energy transfer remains as 
yet unknown. 

It is possible that the mechanism by which CO, is fixed into succinic 
acid is different from the one by which CQ, is fixed into cell material in 
normal photosynthesis, or that it represents but one of several CO,-fixing 
mechanisms. This possibility is supported by the results of an experiment 
in which C. thiosulphatophilum was allowed to photosynthesize under 
light-saturating conditions in the presence of both thiosulfate and propio- 


nate. In this case the rate of CO, fixation was equal to the sum of the © 


rates observed with each of the two electron donors separately. This | 


suggests that the assimilation mechanisms do not proceed by way of a 
common assimilation product. 

The light-dependent formation of succinic acid from propionic acid and 
CO, represents, from a biochemical point of view, a much simpler type of 
photosynthesis than the usual light-dependent conversion of CO, into the 
poorly defined “cell material.”” The new system might therefore be of 
value in exploring biochemical mechanisms by which CO, can be built 
into organic compounds by means of light energy. 


SUMMARY 


When resting cells of the photosynthetic green sulfur bacterium Chloro- 
bium thiosulphatophilum are illuminated in the presence of propionic acid 


> & 


Vi 
| 
2 
3 
4 
5 
6 
8. 
9 
10. 
12. 
13. 
14. 


BP SFE 


EQS QE 


=F 


H. LARSEN 173 


and carbon dioxide, succinic acid is formed as a major product. No con- 
version takes place in the dark. The succinic acid is synthesized partly 
from CO, C and partly from propionic acid C. It is suggested that the 
synthesis may occur by a C; + C, condensation. Two possible reaction 


It is a pleasure to acknowledge the stimulating advice of Professor C. B. 


van Niel during the experimental work and during preparation of the 
manuscript. 
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THE CONVERSION OF DESOXYCORTICOSTERONE TO 
GLYCOGENIC MATERIAL BY ADRENAL 
HOMOGENATES* 


By MIKA HAYANO,t RALPH I. DORFMAN,f ann EDWARD Y. YAMADA 


(From the Departments of Biochemistry and Medicine, School of Medicine, Western 
Reserve University, and the Lakeside Hospital, Cleveland, Ohio) 


(Received for publication, April 17, 1951) 


Preliminary experiments on the conversion of desoxycorticosterone 
(DOC) and desoxycorticosterone glucoside (DOCG) to glycogenic ma- 
terial by beef adrenal slices and homogenates have been described in a 
previous publication (1). Several papers relating to the metabolism of 
DOC and related steroids have since appeared in the literature. Me- 
Ginty et al. (2) reported the isolation of 17-hydroxycorticosterone after 
the incubation of 17-hydroxy-11-desoxycorticosterone with beef adrenal 
homogenates. Savard et al. (3) demonstrated the presence of corticos- 
terone on paper chromatograms after the incubation of DOC and DOC 
derivatives with beef adrenal homogenates, while 17-hydroxycorticos- 
terone was obtained from 17-hydroxy-11l-desoxycorticosterone acetate. 
Seneca et al. (4) reported the appearance of cortisone in cultures of 
various mammalian tissues incubated in the presence of DOC. Using a 
perfusion technique, Hechter et al. (5) characterized corticosterone as the 
product of DOC and desoxycorticosterone acetate (DOCA) reaction in 
the surviving adrenal gland, 17-hydroxycorticosterone after perfusion with 
17-hydroxy-11-desoxycorticosterone acetate, and 11-hydroxyandrosterone 
from androsterone (6). Other 118-hydroxy compounds were noted in per- 
fusates containing A‘-androstene-3 ,17-dione and progesterone. 

It is evident that there is an enzyme or enzymes present in the adrenal 
capable of catalyzing the introduction of an oxygen atom into the steroid 
structure at the carbon 11 position. To our knowledge no systematic 
study of the enzyme system has yet been carried out. In the past year 
it has been our purpose to study this enzymatic partial synthesis of 11- 
oxygenated compounds from DOCG with the mouse glycogen test (7) as 
a convenient quantftative estimation of the product formed. A report 
of the results obtained thus far is presented in this paper. 


* Supported in part by grants from the Division of Research Grants and Fellow- 
ships, National Institutes of Health (RG-1050), and the Ciba Pharmaceutical Prod- 
ucts, Inc. 

t Present address, Worcester Foundation for Experimental Biology, Shrewsbury, 
Massachusetts. 
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Methods 


Adrenal Tissue Preparations—Beef adrenals were obtained shortly after | 


slaughter and stored in a deep freeze until ready for use. In the frozen 
state the tissue retained enzymatic activity for several months. In the 


preparation of homogenates, the adrenals were first partially thawed to | 
allow cutting into small pieces with scissors. For whole homogenate | 
and supernatant preparations, an equal weight of the tissue and saline | 


or water was placed in a Waring blendor and allowed to macerate for 1 to 
2 minutes. The homogenate obtained was strained with squeezing 
through a cheese-cloth and used as such or placed in celluloid tubes for 
centrifugation at about 1500 X g for 30 minutes. The supernatant fluid 


thus obtained was then poured off and used. Homogenate residue prepa- — 


rations were made in a similar manner by using 4 times as much saline 
as the weight of tissue, straining through several layers of cheese-cloth 
without squeezing, and centrifuging at about 5000 X g for 30 minutes, 
The residue thus obtained was taken up in one-fifth of the original volume 
with saline for use or washed one or more times as indicated with saline 
and resuspended in one-fifth the original volume for use. The washing 
procedure resulted in the loss of about 13 per cent of the tissue in the 
first washing and about 2 per cent in subsequent washings. All proce- 
dures were carried out in a cold room with ice-cold reagents. 

Incubations—aAll incubations, unless otherwise specified, were carried 
out in 125 ml. Erlenmeyer flasks at 38° for 2 hours. 25 mg. of DOCG; 
equivalent to 16.8 mg. of DOC, were suspended in a total volume of 15 
ml. containing 0.01 mM sodium fumarate, pH 5.9, 0.01 M magnesium sul- 
fate, 0.03 m sodium citrate buffer, pH 5.9, ATP? 25 mg. (Tripadene, 
Schwarz), and 10 ml. of whole homogenate or supernatant, or 5 ml. of 
residue preparations. The gas phase was air. The procedure for the 
deproteinization with acetone, extraction of glycogenic materials with 
ethylene dichloride, and the final suspension of the dried extracted prod- 
uct in corn oil for injection have been described elsewhere (1). The tissue 
residue from the acetone precipitation step was dried, weighed, corrected 
for salts, and used as a reference of activity. These dry weights ranged 
from 200 to 700 mg. per flask. 

The incubations under oxygen and nitrogen atmespheres were carried 
out in Warburg flasks, a volume of 4.0 ml. of the above incubation me- 
dium per flask being used in four flasks. The contents of the four flasks 
were pooled after the incubation and treated as described. 

Bioassay for Glycogenic Material—The method of Dorfman et al. (7) 


! The steroids used in this study were generously supplied by the Ciba Pharma- 


ceutical Products, Inc. 
? Adenosinetriphosphate. 
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depends on the quantitative deposition of glycogen in the livers of fasting 
adrenalectomized mice under the influence of 1l-oxygenated steroids. 
An average of seven mice was used for each observation, with a total of 
about 50 to 85 mice per experiment in this study. The administration of 
DOCG in concentrations used in this work resulted in negative glycogen 
deposition. Tissue blanks from all homogenate fractions, whether ex- 
tracted in the presence of added DOCG or as such, also showed negative 
glycogenic activity. 

All results are expressed in 11-dehydrocorticosterone equivalent formed. 
The magnitude of glycogenic activity of this compound by the test em- 
ployed is in the same range as that of corticosterone. 


EXPERIMENTAL 


Use of Various Substrates—A comparison of the conversion of DOC 
and DOCG to glycogenic material showed that the glucoside derivative 
was utilized more readily than the free form (1). This result was con- 
sidered to be due to the greater availability of the steroid to the enzyme as 
a result of its higher aqueous solubility. Thus DOCG was used as the 
substrate of choice throughout the course of this study. The 11-dehy- 
drocorticosterone equivalent produced under the conditions of these ex- 
periments ranged from 840 to 4000 y, representing a 6 to 24 per cent 
conversion. 

Use of Various Tissue Preparations—Results obtained with slices and 
whole homogenates prepared from fresh beef adrenals have been reported 
previously (1). Table I illustrates the range of results obtained with 
homogenates from frozen tissue. Attempts to study the enzyme reac- 
tion led primarily to a differential centrifugation procedure. A super- 
natant fraction obtained at 1500 X g contained much of the activity. 
However, these preparations, while cell-free, were unsatisfactory for use 
in several phases of the study because of the presence of unpredictable 
levels of substances stimulating the reaction. Overnight dialyses of the 
supernatant fraction against saline in the cold resulted in a loss of activity 
which could only partially be rejuvenated by the addition of ATP and 
other known cofactors. Acetone powders and ammonium sulfate pre- 
cipitates were completely inactive. A further fractionation at higher 
speed was attempted. A residue fraction obtained at 5000 X g was found 
to contain the catalytic activity. This preparation could be washed with 
saline several times without a noticeable loss of the enzymatic activity 
(Fig. 1). Thus two washings served to lower the level of endogenous 
cometabolites to a minimum point at which only 500 y of 11-dehydrocor- 
ticosterone equivalent were formed in the presence of DOCG and citrate 
buffer alone. The addition of ATP, fumarate, and magnesium ions to 
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this system brought about a 450 per cent increase in glycogenic material 
(2760 y). The fact that the addition of these components to an un- 
washed residue preparation only increased the activity to a level of 1750 
y of product indicated that the saline washings also served to decrease the 


effect of inhibitors or competing systems. Four saline washings of the — 


residue resulted in a less active preparation. 


TABLE | 


Activities of Various Homogenate Preparations in Conversion of DOCG 
to Glycogenic Material 


| 11-Dehydrocorticos- 
DOCG 
Whole homogenate, 460-860 mg................. 9 840-3760 
Supernatant, 1500 X g, 430-765 mg............. 16 1480-4000 
Washed residue, 5000 X g, 290-690 mg.......... 10 1520-3280 


+CITRATE BUFFER, 
ATP, FUMARATE, MG** 


CITRATE BUFFER 


GAMMA PRODUCT FORMED 


i i i 


2 3 

NO OF WASHINGS 

Fic. 1. Effect of washing on homogenate residue activity. Dry tissue weights 
per flask were as follows: unwashed residue 610 mg., after one washing 530 mg.. 


4 


after two washings 520 mg., after four washings 510 mg. Endogenous activities 


(lower curve) were tested in the presence of 25 mg. of DOCG and citrate buffer. 


Beef liver and kidney homogenates incubated under conditions similar _ 


to those used for adrenals did not yield any glycogenic material, even in 
the presence of a boiled extract of adrenal tissue. Hog adrenals demon- 
strated about the same activity as beef adrenals. 

Effect of Substrate Concentration—Under the conditions of these experi- 
ments the optimum substrate concentration is 25 mg. of DOCG (Fig. 2). 


Concentrations of over 25 mg. resulted in the demonstration of con-~ 
siderably less glycogeniec activity. It is not unlikely that this drop is due — 
to an inhibition of the enzyme system by high concentrations of DOCG. — 


Gas Phase—McGinty et al. (2) reported that oxygen was required for 
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the conversion of 17-hydroxy-11-desoxycorticosterone to 17-hydroxycor- 
ticosterone, and that the reaction could not be demonstrated in a nitrogen 
atmosphere. These results have been confirmed in the present study for 
the DOCG conversion. 


MG DOCG ADDED pH 
Fic. 2 Fig. 3 
Fic. 2. Effect of substrate concentration on the conversion of DOCG to glycogenic 
material. Dry tissue weight per flask, 400 mg. The free DOC content represents 
67 per cent of the weight of DOCG used. 
Fic. 3. Effect of pH on the conversion of DOCG to glycogenic material. Dry 


GAMMA PRODUCT FORMED 


tissue weight per flask, 600 mg. DOCG 25 mg. 


TaBie II 
Effect of ATP, Fumarate, and Magnesium Ions on Conversion of DOCG 
to Glycogenic Material 
11-Dehydrocorticos- 
Additions 
mg. 

mg. 
330 Citrate buffer 288 
320 | | 532 
320 | fumarate | 920 
300 ‘¢ magnesium ions 1080 
320 ” as ‘* fumarate, magnesium ions 1880 


Effect of pH—Fig. 3 illustrates the effect of pH on the conversion of 
DOCG to glycogenic material. Various combinations of 0.1 m H;PQ,, 
NaH.PO,, NasHPO,, and 0.05 m Na,P,O; were used to make buffers 
ranging from pH 5.25 to 8.3. Optimum activity is seen to occur at about 
pH 5.9. 0.1 m sodium acetate, sodium phosphate, and sodium citrate 


_ buffers tested at pH 5.9 were found to be equally effective. The citrate 
_ system was selected for use throughout the study. 


Requirement of ATP, Fumarate, and Magnesium Ions—The réle of these 
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components in the conversion of DOCG to 1l-oxygenated steroids is 
illustrated in the data of Table II. In a twice washed residue the highest 
activity was obtained in the presence of all three components. ATP 
alone, while capable of rejuvenating some of the activity, was not as 
effective as when present with either or both fumarate and magnesium | 
ions. 


DISCUSSION 


The question of the 1l-oxygenated steroid produced from the incuba- 
tion of DOCG with adrenal homogenates merits brief mention at this 
point. It is not unlikely that this product is corticosterone, since this 
substance has been demonstrated as the major product of DOC conver- 
sions by a number of other workers in the field. Thus far all attempts 
on our part to isolate an end-product have yielded only unchanged DOC.’ 
Whether or not the glucoside side chain remains intact through the change 
at carbon 11 cannot be stated with certainty. In the case of the acetate 
derivatives, it has been reported that a cleavage occurs in the course of © 
the reaction (3, 5, 6). 

The simplest hypothesis for the introduction of an oxygen atom at 
carbon 11 in the steroid ring C would involve the asymmetric addition 
of the components of water following the oxidative removal of 2 hydrogen | 
atoms from carbons 9 and 11 or 11 and 12. Whether this is catalyzed by 
one or more distinct enzymes is yet to be ascertained. | 

The introduction of the oxygen atom would necessarily be an endergonic 
reaction. That the energy required for this synthesis can be supplied | 
by the high energy phosphate compound, ATP, is of primary interest in — 
that once again the importance of this compound in the energy metabolism | 
of living matter has been confirmed. 


SUMMARY 


1. Further work on the conversion of 11-desoxycorticosterone glucoside | 
to glycogenic material by various homogenate preparations of beef adrenal — 
is reported. 

2. Activity can be demonstrated in whole homogenates, a supernatant — 
fraction obtained at 1500 X g, and a washed residue fraction obtained at | 
5000 X g. 

3. The optimum pH of the reaction is 5.9. 

4. Oxygen is necessary for the conversion. 

5. ATP, fumarate, and magnesium ions stimulate the reaction. 


3 Prins, D. A., unpublished data. 
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- THE INTRAPERITONEAL TOXICITY OF CONCENTRATES OF 
| THE SOY BEAN TRYPSIN INHIBITOR* 


By IRVIN E. LIENER 


(From the Division of Agricultural Biochemistry, University of Minnesota, St. Paul, 
Minnesota) 


(Received for publication, June 11, 1951) 


As a result of a study of the effect of methionine on the nutritive value 
of diets containing concentrates of the soy bean trypsin inhibitor, Liener, 
Deuel, and Fevold (1) suggested that crude preparations of trypsin in- 
hibitor exert their deleterious effect on growth of rats by a combination 
of two mechanisms: one, an impairment in the availability of methionine 
from dietary protein by virtue of the antiproteolytic activity of the in- 
hibitor, and the other, an effect which remained to be explained by some 
mechanism unrelated to an inhibition of proteolysis. In an attempt to 
obtain additional information concerning this latter effect, studies were 
undertaken in which preparations of trypsin inhibitor derived from raw 
soy bean meal were administered to animals by intraperitoneal injection. 

By-passing the gastrointestinal tract in this manner affords a means 
of studying their mode of action without introducing the complicating 
_ factor of intestinal proteolysis. The evidence which this paper reports 
points to the existence of a toxic principle in raw soy bean meal which, 
although closely associated with factors which inhibit trypsin, is not iden- 
tical with them. 


EXPERIMENTAL 


The concentrate of crude soy bean trypsin inhibitor used in this study 
was the same preparation employed previously (1), having been prepared 
by the method of Klose et al. (2) from hexane-extracted soy bean flour.' 
The crystalline soy bean trypsin inhibitor, prepared according to Kunitz 
(3), was purchased from the Worthington Biochemical Laboratory, Free- 
hold, New Jersey. The crystalline material was about 6 times as ac- 
tive as the crude preparation in terms of its ability to inhibit trypsin 
— (see Table IIT). The method of Anson (4) as modified by Borchers 

et al. (5) was used for evaluating the antitryptic activity of the various 


* Paper No. 2269, Scientific Journal Series, Minnesota Agricultural Experiment 
Station. A preliminary report of this work was presented at the Nineteenth annual 
meeting of the Minnesota Academy of Science, at the University of Minnesota, 
St. Paul, April 21, 1951. 

'Nutrisoy XXX, Archer-Daniels-Midland Company, Minneapolis, Minnesota. 
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preparations of trypsin inhibitor. Trypsin inhibitor units were calculated 
according to the procedure suggested by Kunitz (6). 

Alkaline or acid treatment (6) or ultraviolet irradiation (7) of the 
crude inhibitor concentrate proved to be convenient means of inactivat- 
ing this preparation with respect to antitryptic activity. The alkaline 
treatment consisted of dissolving 400 mg. of the crude inhibitor in 15 
ml. 0.1 N NaOH and keeping it at 37° for 6 hours. Acid treatment was 
accomplished by dissolving 400 mg. of the crude inhibitor in 25 ml. 0.1 
x HCl and keeping it at 55° for 18 hours. In the irradiation procedure, 
a beaker containing a 15 mg. per ml. solution of the crude inhibitor (liq- 
uid depth, 1.5 cm.) was exposed to the radiations of a Hanovia mercury 
are lamp for 6 hours with the surface of the liquid at a distance of 13 cm. 
from the mercury arc. The temperature was prevented from rising above 
20° by immersing the beaker in a circulating cold water bath. A mag- 
netic stirrer provided continuous agitation throughout the period of ex- 


posure. All solutions, treated as indicated above, were adjusted to pH | 
7.0 and diluted with water to give the desired concentration based on the | 


original weight of the crude inhibitor. 

The rats were of a black strain of Line 3 maintained in this laboratory 
for many years. In any one experiment, weanling animals weighing 45 
to 55 gm. were distributed into comparable groups with respect to litter, 
weight, and sex. Each group, composed of three males and three females, 
was housed in individual screen bottom cages and fed ad libitum a ration, 
each kilo of which contained expeller soy bean 250 gm., salts (8) 40 gm., 
Crisco 60 gm., sucrose 650 gm., and vitamin supplements (8) modified 
to include 40 y of vitamin By». 

In the experiment which involved the use of chicks,’ week-old single 
comb, white Leghorn males were distributed into groups of equal weight 
and placed in electrically heated batteries. The chicks were allowed free 
access to a ration, each kilo of which contained expeller soy bean meal 
100 gm., a-protein (Glidden) 200 gm., soy bean oil 40 gm., Salts 2M (9) 
60 gm., glucose 598 gm., choline 2 gm., and vitamin supplements (9) modi- 
fied to include 15 y of vitamin By. 

The basal rations which have been described were intended to be defi- 
cient in methionine so that effect of supplemental methionine in relation 
to the action of the trypsin inhibitor could be subsequently studied. 


Inhibitor solutions of known concentration were administered to the | 


animals by intraperitoneal injection at a level of 10 ml. per kilo of body 
weight. Except in the case of single injected doses, daily weighing of the 


animals was usually necessary in order to determine the volume of inhib- 


itor solution which had to be injected into each animal. 


? The author is greatly indebted to Mr. E. G. Hill, Division of Poultry Husbandry, 


for his invaluable assistance in the experiment conducted with chicks. 
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Results 


Response to Single, Graded Doses of Crude Trypsin Inhibitor—In Table I 
are summarized the data pertaining to the mortality observed over a 
period of 48 hours when single doses of graded concentrations of the crude 
trypsin inhibitor were injected into rats and chicks. Increasing the con- 
centration of the crude inhibitor not only increased the incidence 
of mortality but also hastened the onset of death. A marked species 
difference between rats and chicks is evidenced by the much greater con- 


TABLE | 
Response to Single Graded Doses of Crude Trypsin Inhibitor Concentrate 
No. of deaths ore 
Dose in 48 hes. 
06 hrs. | 6412 hrs. | 12-18 hrs. 18-24 hrs. | 24-48 brs. 
Rats 
130 0 0 0 Ae 
175 0 0 0 1 1 2/6 
225 0 0 | 2 l 4/6 
290 0 2 1 ; 84 
510 0 5 | 1 | 6/6 
1000 0 6 | 6/6 
1560 2 63 6/6 
2080 3 3 | | 6/6 
Chicks 

1000 | 0 0 | fT) 0 0 0/6 
1250 | 0 0 2 2/6 
1500 0 4 6/12 
2000 | 0 0 0 3 0 | 3/6 


centration of the crude inhibitor necessary to produce a lethal effect with 
chicks than with rats. From the data obtained with rats, the LDso, cal- 
culated according to the procedure of Reed and Muench (10), was found 
to be 200 mg. per kilo. The LDs5o for chicks must be somewhat in excess 
of 2000 mg. per kilo. 

Since the data presented in Table I were obtained with a preparation 
that was almost 3 vears old, it was felt desirable to repeat this experiment 
With a trypsin inhibitor concentrate which had been freshly prepared in 
the same manner as before (2). This preparation was found to be some- 
what more potent than the older one, having an LDs5o (with rats) of 160 
mg. per kilo. 

Response to Repeated Doses of Crude Trypsin Inhibitor—A dose of the 
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crude inhibitor which had proved to be sublethal in the previous experi- 
ment (130 mg. per kilo) was administered to rats in successive doses ac- 
cording to the injection schedule shown in Table II. The degree 
of growth inhibition appears to be proportional to the frequency with 
which the inhibitor was injected. The daily administration of the crude 
inhibitor resulted in the death of most of the animals within 13 to 20 
days. Aside from a depression of growth, abnormal manifestations were 
observed only in the group which had been injected daily with the crude 
inhibitor. In this group, loss of weight was particularly severe during 
the first few days, followed by a slow gain in weight, which usually ter- 
minated in death. Symptoms preceding death included anorexia, pros- 
tration, dryness and loss of hair, diarrhea, ulcerations at the base of the 
tail, and a marked distention of the abdomen. Postmortem examination 


Il 


Response to Repeated Doses of Crude Trypsin Inhibitor Concentrate Administered 
al Level of 130 Mg. per Kilo of Body MW eight | 


Injection Duration of Gain in weight® 

days | gm. per day 
Uninjected control... , | 30 1.33 + 0.21 
Once every 7 Gays. : 30 0.98 + 0.05 
30 0.84 + 0.05 
30 0.78 + 0.08 
Dally Jee 13-30t 0.21 + 0.22 


° Mean + standard error of the mean. Six animals per group. 
t One animal died on the 13th day, one on the 16th, two on the 17th, and a mm | 
on the 20th day. The sixth animal survived the experiment. 


of these animals revealed a considerable accumulation of yellowish vis- 


cous fluid in the peritoneal cavity. 
Crude versus Crystalline Trypsin Inhibitor—The crystalline soy bean 
trypsin inhibitor of Kunitz was injected daily at a level which provided 


almost 2} times the antitryptic activity of the crude preparation (Table | 
III). In sharp contrast to the crude inhibitor, the crystalline material 


produced neither an inhibition of growth nor a depression in food con- 
sumption. Borchers et al. (11) were likewise unable to obtain inhibition 
of growth by the oral administration of their partially purified trypsin 
inhibitor, which, according to the authors, was presumably identical to 
the trypsin inhibitor of Kunitz. Klose et al. (12), however, found that 
when their soy bean trypsin inhibitor, prepared by the method of Kunitz, | 
was fed to young rats growth was markedly inhibited. 

Attempts to Demonstrate Growth Inhibition in Absence of Antitryplic Ac 
livity—Although antitryptic activity per se would not appear to be in- | 
volved in the growth inhibition produced by the crude inhibitor, the pos- 
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sibility remained that other trypsin inhibitors known to be present in raw 
soy bean meal (13, 14) might be responsible for growth inhibition for 
some reason other than an ability to inhibit trypsin. It became desir- 
able, therefore, to ascertain whether the growth-inhibiting properties of 
the crude inhibitor would be retained under conditions in which the tryp- 
sin inhibitors are destroyed. To accomplish this, samples of the crude 
inhibitor concentrate were treated with alkali or acid or subjected to 
ultraviolet irradiation by methods already described.* All solutions were 
injected daily at a level of 130 mg. per kilo based on the original weight 
of the crude inhibitor. As shown in Table IV, loss of both antitryptic 
activity and growth-inhibiting properties was accomplished by alkaline 


TaBLe III 
Comparison of Crude and Crystalline Trypsin Inhibitor Preparations with Respect 
to Growth and Antitryptic Activity 


Inhibitor preparation 
Crude Crystalline 

Antitryptic activity, units X per 

Dose injected, mg. per kg. per day 130 50 
Antitryptie activity, units X per 

Duration of experiment, days... 25 | 5-25t 25 
Gain in weight, gm. + 0.21 0.30 40.20 1.65 + 0.20 
Food consumption, gm. perday...__. | 8.2 | 4.4 


* Mean + standard error of the mean. Six animals per group. 
t One animal died on each of the following days: 5, 13, 20, 21, 22, and 25. 


digestion or ultraviolet irradiation. On the other hand, after acid treat- 
ment significant growth inhibition was obtained in spite of the fact that 
over 95 per cent of the antitryptic activity had been destroyed. Growth 


| inhibition with the acid-treated inhibitor, however, was not as marked 
as that obtained with the untreated material nor did any of the animals 


in the former group succumb. This would indicate that some destruction 
of the growth inhibitor had occurred under these conditions. 

Since acid treatment seemed to offer the most promising means of 
demonstrating growth inhibition in the absence of antitryptic activity, 
the acid-treated crude inhibitor was further fractionated in the following 


_ manner: 1250 mg. of the crude inhibitor were dissolved in 25 ml. of 0.1 


’ Differential heat treatment was tried but abandoned because of the insoluble 
product that forms with the heat treatment required for the complete inactivation 


* of antitryptic activity. The material which remained in solution under these con- 
_ ditions was found to be non-toxic to rats. | 
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n HCl and left at 55° for 18 hours. When the pH was then adjusted 
to 4.7 with 1.0 n NaOH, a heavy precipitate formed which was separated 
by centrifugation, washed several times with 0.1 M acetate buffer (pH 
4.7), and finally dissolved in 50 ml. of water at pH 7.2. To the super. 
natant obtained at pH 7 enough 1.0 N NaOH was added to bring the 
pH to 7.0 and water to bring the final volume to 50 ml. The superna- 


Tasie IV 


Growth and Antitrypltic Activity of Crude Inhibitor Preparation Treated with Alkali 
or Acid or Subjected to Ultraviolet Irradiation 


yor of 


Inhibitor treatment = activity Injected experiment Gain in weight* 
= 
days sm. per day 
Uninjected control........_.. | 26 | 1.54 + 0.08 
None... 1.6 208 | 0.28 + 0.21 
Alkaline. . 0 0 26 | 1.47 + 0.23 
Acid . | 0.07 9 26 | 1.16 + 0.113 
Ultraviolet irradiation ; 0.2 26 26 1.51 + 0.17 
* Mean + standard « error of the mean. Six animals per group. 
¢t One animal died on each of the following days: 9, 11, 15, 19, 21, and 26. 


t Comparison with uninjected control gives a ¢ value (27) of 2.53 (P <0.05). 


Taste V 


Further Fractionation of Acid-Treated Crude Inhibitor Preparation with Respect to — 
Growth and Antitryptic Ac Activity 


Fraction x. injected Duration of Gain in weight® 
Uninjected control...... 53 1462013 
Soluble at pli 4.7... 1.0 10 1444016 | 
Insoluble at pHi 4.7 1.4 l4 25 0.74 0.074 


* Mean + standard error of the mean. Six animals per group. 
t Comparison with uninjected control gives a ¢ value (27) of 4.27 (? <O.01). 


tant and dissolved precipitate were injected daily at the usual level of 
10 ml. per kilo. From the data in Table V it is evident that, within the 
limits of accuracy revealed by bioassay, the growth-inhibiting factor re- 
sided solely in the fraction which was insoluble at pH 4.7. Although the 
fraction which was soluble at pH 4.7 had practically the same antitryptic 
activity as the insoluble fraction, the former was essentially devoid of 
growth-inhibiting activity. This would indicate that the residual anti 
tryptic activity retained by the insoluble fraction could not have accounted 
for the growth inhibition which was observed. | 
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Effect of Supplemental Methionine on Growth Inhibition—In view of the 
marked improvement which supplemental methionine exerts on the nutri- 
tive value of raw soy bean meal (15), the possibility that additional methi- 
onine might counteract the growth depression induced by the crude in- 
hibitor was considered. That the basal ration used in these experiments 
was deficient in methionine is evidenced by the improved growth per- 
formance when it was supplemented with 0.6 per cent pi-methionine 
(Table VI). Supplemental methionine in the diets of those animals which 
were injected with the inhibitor, however, failed to counteract the growth- 
depressing effect of the inhibitor. This ineffectiveness of supplemental 
methionine under conditions in which an inhibition of intestinal proteol- 

Taste VI 


Response to Supplemental Methionine in Presence or Absence of Crude Inhibitor 
Injected Daily at Level of 130 Mg. per Kilo of Body Weight 


Group | Gain in weight 
days am. per day 
“ + 0.6% vi-methionine._.. 2.56 + 0.15 
“ + injected 22-37 1.13 + 0.09 
nine... 13-37% + 0.27 


° Mean + standard error of the mean. Six animals per group. ae 
t One animal died on each of the following days: 22, 23, and 28. 
t One animal died on each of the following days: 13, 15, 19, 26, 28, and 37. 


ysis is not involved was also observed when the crude inhibitor had been 
_ fed to rats in diets containing hydrolyzed protein (1). 


DISCUSSION 


_ The present demonstration of growth inhibition in the virtual absence 
of antitryptic activity suggests that, in addition to factors which inhibit 
trypsin, crude concentrates derived from raw soy bean meal also contain 
a toxic principle which can be lethal or inhibit growth through some un- 
known mechanism. Although the existence of toxic substances in certain 
legumes has been known for many years (16, 17), its recognition in soy 
beans has been obscured by the concomitant presence of antitryptic fac- 
tors and a failure to isolate a growth inhibitor free of trypsin-inhibiting 
activity. 

If, from the present data, one accepts the existence of these two differ- 
ent factors in raw legumes, a reasonable explanation is afforded for ob- 
servations reported in the literature which are seemingly inconsistent. 
Thus, in order to account for the unavailability of methionine in raw soy 
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bean meal, it has been suggested that the trypsin inhibitor exerts its 
growth-depressing effect by interfering with the extent (18, 19) or rate 
(20) of enzymic release of methionine in the gastrointestinal tract. Such 
an effect would obviously depend on the antiproteolytic nature of tryp. 
sin inhibitors present in raw soy bean meal. If this were the sole mecha. 
nism involved, however, one still could not account for the fact that the 
nutritive value of raw soy bean meal remains inferior to the heat-treated 
meal when both are supplemented with adequate methionine (1). Ae. 
cording to the present concept, the toxic component of raw soy bean meal, 
whose action is not related to an interference with the availability of 
methionine, may be held responsible for this difference in nutritive value 
when methionine is no longer limiting. The observation that crude legume 
fractions possessing high trypsin-inhibiting activity in vitro inhibit the 
growth of animals receiving diets containing hydrolyzed protein (21, 22) 
could merely be an “unmasking” of the toxic principle whose action does 
not depend on an inhibition of intestinal proteolysis. 

This reasoning assumes, of course, that the factor which is toxic intra- 
peritoneally would also be toxic orally. This point could be settled by 
feeding the toxic component should its isolation be accomplished. 

In further support of the contention that a toxic factor which is distinct 
from the trypsin inhibitor may be responsible in part for the poor nutri- 
tive value of some raw legumes, it may be pointed out that a correlation 
between the improvement in nutritive value effected by heat treatment 
and antitryptic activity cannot always be demonstrated (23, 24). Bor- 
chers et al. (11) were unable to correlate the antitryptic activity of crude 
soy bean fractions with their effect on the growth of rats and chicks. It 


is also of interest to note that germinated soy bean is nutritionally superior 
to the mature bean (25, 26) in spite of the fact that there is no difference 
in antitryptic activity (26). Further investigations will be directed toward | 
the isolation and characterization of the toxic factor in raw soy bean meal 


SUMMARY | 


Single doses of a crude trypsin inhibitor preparation have been found 
to produce death in rats and chicks when administered by intraperitoneal | 
injection. The LDso for rats and chicks was 200 and >2000 mg. per kilo” 
respectively. Repeated doses of the crude inhibitor at a level of 130 mg. 
per kilo inhibited growth in proportion to the frequency of injection. 
Crystalline soy bean trypsin inhibitor, injected at a sufficiently high level 
to provide antitryptic activity exceeding that of the crude inhibitor, did | 
not inhibit growth. 

Treatment of the crude inhibitor with acid destroyed 95 per cent of the 
antitryptic activity, but the capacity to inhibit growth was retained to an | 
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appreciable extent. Further fractionation of the acid-treated inhibitor 
revealed that the growth-inhibiting factor resided in a fraction which was 
insoluble at pH 4.7. 

Methionine added to the basal ration did not alter the growth-depress- 
ing effect of the crude inhibitor. 

The possible existence in raw soy bean of a toxic principle which is not 
identical with factors that inhibit trypsin was discussed. 
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THE EFFECT OF CORTISONE UPON TRYPTOPHAN 
METABOLISM IN THE RAT 
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(From the Merck Institute for Therapeutic Research, Rahway, New Jersey) 


(Received for publication, June 22, 1951) 


Studies dealing with the effects of B vitamins upon the urinary excre- 
tion of certain tryptophan metabolites by rats (1) have shown that the 
relative proportions in which xanthurenic acid, kynurenic acid, and kynu- 
renine are excreted may be altered by dietary means. The two quinaldic 
acids are regarded as end-products in the catabolism of L-tryptophan, or 
of kynurenine derived from tryptophan, while kynurenine appears to be 
an intermediate also in the conversion of tryptophan to nicotinic acid in 
the animal (2, 3). 

When rats are given a large oral dose of tryptophan (100 mg. per 100 
gm. of rat), 20 to 80 per cent of the amino acid can be accounted for as 
urinary xanthurenic acid, kynurenic acid, and kynurenine (1). A portion 
of the remaining 80 to 20 per cent appears in the urine as nicotinic acid, 
N'-methylnicotinamide, and quinolinie acid (4, 5). 

Adrenal corticosteroids are known to affect a number of metabolic pro- 
cesses. The 17-hydroxy-1l-oxy (or hydroxy) compounds are particularly 
active in altering protein, carbohydrate, and fat metabolism (6-11), while 
the 11-desoxycorticosterone derivatives are principally effective in altering 
salt and water metabolism (12, 13). 

With the objective of contributing to the knowledge of the réle played 
by the adrenal cortex in the metabolism of amino acids, experiments were 
designed to determine the effects of adrenalectomy and of administration 
of cortisone acetate upon the excretion of xanthurenic acid, kynurenic 
acid, and kynurenine by rats after they had received oral doses of L-tryp- 


tophan. 
EXPERIMENTAL 


Male albino rats of the Carworth strain, weighing 180 to 210 gm., were 
fed 5 gm. per 100 gm. of rat per day of a diet containing 20 per cent casein 
(14) and given daily subcutaneous injections of 0.5 per cent cortisone 
acetate’ or desoxycorticosterone acetate (DOCA) in saline suspension. On 
the 4th day, | hour after the steroid dose, the rats were given an oral dose 
of an aqueous solution (2.5 per cent) of L-tryptophan, 100 mg. of trypto- 
phan per 100 gm. of rat. 


'Cortone acetate, Merck. 
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Some rats were adrenalectomized, by the lumbar approach, and admin- 
istration of steroids was begun on the day of the operation. Water or | 
per cent saline was offered to the rats, ad libitum, as indicated in Tables 
I to IV. 

Samples of 24 hour urine were assayed for xanthurenic acid, kynurenic 
acid,? and kynurenine (1, 14). 

Results 

The excretion of neither xanthurenic acid nor kynurenine was affected 
by adrenalectomy or steroid injections. The excretion of kynurenic acid, 
however, was profoundly altered. The intact rats (Table I) which received 


Taste I 
Effects of Cortisone Acetate and DOCA upon Excretion of Kynurenic 
Acid by Intact Rats 
Steroid dose 1.5 mg. per 100 gm. of rat per day, subcutaneously, for 4 days; L- 


tryptophan dose, 100 mg. per 100 gm. of rat, orally. Tap water ad libitum. Eleven | 


groups of two rats per treatment. 


| | t* for difference | 
Steroid Kynurenic acid between steroid 
excretion | d@eseand ne dese | 


mg. per 100 gm. rait | 


None... | 11.1 + 2.0 
DOCA 5.42 1.2 2.16 <0.05 


Cortisone acetate. 23.0 + 2.3 4.51 <0.005 


© 1 (15) = 2.08 for p = 0.05, = 3.15 for p = 0.005. 
+t + standard error. 


the injections of DOCA excreted less kynurenic acid, while those which 


received cortisone excreted more kynurenic acid than the controls. 


Adrenalectomized rats excreted much less kynurenic acid than controls | 
subjected to a sham operation (Table II), but the adrenalectomized ani- | 


mals which received cortisone and the controls excreted essentially equal 
quantities of the acid. 


The data in Table III show that a dose of kynurenic acid was excreted | 


by adrenalectomized rats whether or not they had received cortisone. 
Thus, it may be concluded that the decreased excretion of kynurenic acid 
by adrenalectomized rats is not due to kidney involvement. 

Also (Table IV), DOCA had no effect upon the excretion of kynurenic 
acid administered to adrenalectomized rats. In this experiment DOCA 


appeared to have an effect similar to that of cortisone, but to a lesser — 


? After preliminary assays had revealed the approximate concentrations of kynu- 


renic acid in the urine, synthetic kynurenic acid was added to fresh samples to pro- | 


duce concentrations calculated to be exactly 1 mg. per ml. In this way inaccuracies 
due to the solubility of kynurenic acid were avoided. 
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Tasie Il 
Effect of Adrenalectomy and Treatment with Cortisone Acetate upon Excretion of 


Tryptophan Metabolites by Rats 


Cortisone acetate, 1.5 mg. per 100 gm. of rat per day, subcutaneously, for 4 days; 


L-tryptophan, 100 mg. per 100 gm. of rat, orally. 


1 per cent saline ad libitum. Six 


rats per treatment. 
Metabolite excretion, mg. per 100 gm. rat + s.e. 
Kynurenic acid Kynourenine 
and cortisone acetate 23.3433 
™ and cortisone acetate... 20.9 + 1.3 | 7.1 + 0.5 | 7.6 + 2.1 
e Analysis of variance (15) 
Metabolite Source 
Mean 
square ? 
Kynurenic acid Steroid 1 | 787.76 | 27.95 | <0.005 
Adrenalectomy 1 | 486.90 | 17.27 <0.005 
Interaction 1 241.30 | 8.55, <0.01 
Within groups 19 28.19 
Xanthurenic acid Treatment 3 0.33 | 0.19) 30.05 
Within groups 19 1.66 
Kynurenine Treatment 3 5.50 | 0.57 | 0.05 
Within groups 19 9.61 


"© F (1/19 degree of freedom) = 10.1 for p = 0.005, = 8.19 for p = 0.01; F (3/19 


df.) = 3.13 for p = 0.05. 


Taste III 
Effect of Cortisone Acetate upon Excretion of Administered Kynurenic Acid 
by Adrenalectomized Rats 

Steroid, 1.5 mg. per 100 gm. of rat per day, subcutaneously, for 4 days; trypto- 
phan, 100 mg. per 100 gm. of rat, orally; kynurenic acid, 20 mg. per 100 gm. of rat, 
intraperitoneally. 1 per cent saline ad libitum. Six rats per treatment. 


Kynurenic acid oe cortisone- 
Dose Steroid excretion dened ond endesed 
groups 
mg. per 100 gm. rast 

+ 27.1 + 2.22 10.17 <0.005 
Kynurenic acid. 23.2 + 0.88 

+ 21.3 + 0.63 1.70 >0.10 


*¢ (15) = 3.5 for p = 0.005, = 1.8 for p = 0.1. 


t + standard error. 
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degree, upon the excretion of kynurenic acid after tryptophan administra- 
tion. 

The observation that DOCA decreased the excretion of kynurenic acid 
by normal rats, while cortisone increased the excretion by both normal 
and adrenalectomized rats, suggested that these two steroids might be 
antagonistic in their effects. Consequently, adrenalectomized rats (four 
per group) were injected with 0.0, 0.5, 2.0, and 4.0 mg. of DOCA per 
100 gm. of rat per day, in addition to 2.0 mg. of cortisone per 100 gm. of 
rat per day. After receiving an oral dose of 100 mg. of L-tryptophan per 
100 gm. of rat, these animals excreted 12.7 + 1.9, 10.4 + 4.1, 14.9 + 28, 


TaBie IV 
Effect of DOCA or Cortisone Acetate upon Excretion of Kynurenic Acid after 
Administration of Kynurenic Acid or L-Tryptophan 
to Adrenalectomized Rats 

Steroid, 3 mg. per 100 gm. of rat per day, subcutaneously, for 4 days; tryptophan 
and kynurenic acid, 100 mg. per 100 gm. of rat, orally, and 20 mg. per 100 gm. of rat 
subcutaneously, respectively. 1 per cent saline ad libitum. Four rats per treat- 
ment. 


Dose Steroid | Kynurenic acid excretion 

| mg. per 100 gm. rat® 
Tryptophan. ..... None 0.0 + 0.0 
aestate | 16.5 + 2.48 
Kynurenic acid................. None + 0.74f 
 Cortisone acetate | 16.9 + 2.43 


* + standard error. 

t Analysis of variance of the data from the rats given kynurenic acid yielded F 
= 0.58. F for 2 and 9 d.f., p = 0.05, is 4.26. The differences in the excretion 
values are, therefore, statistically insignificant. 


and 16.2 + 2.5 mg. of kynurenic acid per 100 gm. of rat. Untreated 
adrenalectomized controls in this series excreted 5.5 + 0.9 mg. of kynurenic 
acid per 100 gm. of rat. Hence, under these conditions, no antagonism 
was detected. 


In several experiments, administration of cortisone was not initiated © 
until 3 days after the animals had been adrenalectomized. Results similar | 


to those reported in Table II were obtained with one set of animals, but 
the results could not be confirmed in later experiments. Although the 
adrenalectomized animals excreted much less kynurenic acid than normal 
rats, dosing with cortisone (1.5 mg. per 100 gm. of rat) for 4 days failed 
to increase the excretion of kynurenic acid. Consistent results were ob- 
tained only when treatment with cortisone was begun on the day of adre- 
nalectomy. Possibly the rats became refractory to cortisone soon after 
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adrenalectomy. However, the dose of 1.5 mg. per 100 gm. of rat per day 
is on the border line of effectiveness. When treatment was initiated on 
the day of the operation, 0.5 and 1.0 mg. had no influence on the excretion 
of kynurenic acid, while 1.5 mg. or more did. Interestingly, neither 2 
nor 4 mg. had a greater effect than 1.5 mg. The rate of absorption of the 
steroid after subcutaneous injection may be the limiting factor, but this 
cannot be claimed with any certainty at the present. 

Treatment of adrenalectomized rats with cortisone was observed to in- 
crease the excretion of diazotizable substances nearly 4-fold (from 1.8 to 
6.8 mg. per 100 gm. of rat, calculated as anthranilic acid). Since kynure- 
nine excretion was observed to remain unaltered after adrenalectomy or 
cortisone treatment, it is probable that the increase in diazotizable sub- 
stances reflects an increase in excretion of anthranilic acid or other degra- 
dation products of kynurenine. 


DISCUSSION 


The influence of the adrenal cortex upon nitrogen metabolism is well 
known. Recent reviews (16, 17) have quoted evidence that adrenalec- 
tomy may decrease the rates of deamination and transamination. Re- 
cently it has been shown that D-amino acid oxidase of liver is influenced 
by cortisone (18). Other aspects of protein metabolism may also be 
controlled by the adrenal cortex, and indeed it is possible that the effects 
upon enzymes may be due to general protein depletion or repletion 
rather than to participation of cortisone in enzymic processes. 

The present data may be considered additional evidence for the hor- 
monal control of deamination or transamination. In the animal, ky- 
nurenine is transformed to xanthurenic acid (via 3-hydroxykynurenine 
(19)) and to kynurenic acid. If the cyclization of kynurenine to ky- 
nurenic acid is preceded by a-oxidative deamination (or transamination), 
interference with this process would result in a relative shift of metab- 
olism through oxidation at the 3 position and away from kynurenic acid 
formation. The same mechanism would probably be involved in the 
cyclization of 3-hydroxykynurenine to xanthurenic acid. This concept 
is consistent with the fact that xanthurenic acid excretion was not in- 
creased by adrenalectomy. The oxidized kynurenine must therefore be 
degraded to 3-hydroxyanthranilic acid, quinolinic acid, ete. The de- 
crease in excretion of diazotizable substances after adrenalectomy is con- 
sistent with this interpretation, since hydroxyanthranilic acid is more 
susceptible than anthranilic acid to further catabolism. 

In contrast to cortisone, DOCA decreased the excretion of kynurenic 
acid. Neither steroid altered the ability of the kidneys to excrete pre- 
formed kynurenic acid; hence it is probable that both influence the me- 
tabolism of tryptophan. This would appear to support the contention 
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(20) that cortisone and DOCA are antagonistic in their actions. We have 
not been able to demonstrate antagonism between the two steroids. Dif. 
ferent experimental conditions may permit such a demonstration, but it 
is possible that the data can be explained on the basis of complex phe- | 
nomena, such as the alteration of endocrine function by steroids, which are 
for the present obscure. 


SUMMARY Mer 
1. Adrenalectomized rats given an oral dose of L-tryptophan excreted 
less kynurenic acid than did rats after a sham operation. Daily injec- 4, 
tions of cortisone acetate prevented this alteration in metabolism. The  {o 
excretion of kynurenic acid by intact rats was increased by cortisone ace- _y} 
tate and decreased by desoxycorticosterone acetate. 
2. Neither cortisone acetate nor DOCA influenced the excretion of ad- ag, 
ministered kynurenic acid by adrenalectomized rats. oie 
3. DOCA injected simultaneously with cortisone acetate was not an- {og 
tagonistic to its effect upon the excretion of kynurenic acid by ED th 
mized rats given tryptophan. or 
4. The excretion of xanthurenic acid and kynurenine was unaffected th 
by adrenalectomy or by administration of cortisone acetate. fo 
5. The data are interpreted to indicate that cortisone acetate increases oy 
the rate of deamination or transamination in vivo. | wi 
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THE METABOLISM OF ACETONE IN THE INTACT RAT* 


Br WARWICK SAKAMI anv JEAN M. LAFAYE 


(From the Department of Biochemistry, School of Medicine, Western Reserve 
University, Cleveland, Ohio) 


(Received for publication, May 31, 1951) 


Two pathways of acetone utilization in the rat have been indicated. 
One mechanism involves its carboxylation to acetoacetate (1); the second, 
the production of “formate’’' from acetone methyl carbon (2). This 
formate has been postulated to arise by a 2- and 1-carbon cleavage in 
which “acetate’” is also formed. 

In the present investigation, the possibility of a direct oxidation of 
acetone to a 3-carbon intermediate of glycolysis, such as pyruvate, has 
been considered. In previous studies (2), methyl-labeled acetone was 
found to introduce C™ into the glycogen with higher activity in the 3,4- 
than in the 2,5-carbons. This aspect of the isotope distribution was 
originally considered to have been produced by CO; fixation, although 
the 3,4-carbon labeling was somewhat higher than had been anticipated 
for this mechanism. An alternative explanation was the additional oc- 
currence of a major conversion of acetone to “pyruvate”? a pathway 
which would raise the activity of the 3 ,4-carbons (and of the 1,6) relative 
to that of the 2,5. 


C'H;-CO-C"“H; — C“H;-CO-C“OOH — 1,6 and 3,4 > 2,5-C-glucose 


To test this hypothesis, 2-C-acetone has been administered to rats and 

the distribution of isotope in the liver glycogen determined. Metabolism 

of acetone by the carboxylation and cleavage mechanisms would introduce 

labeling solely into the 3,4 positions (3). 

CH;-C"“O-CH; + CO; CH;-C"O-CH;-COOH — CH;-C“OOH — 3,4-C"-glucose 
CH;-C"O-CH; — ”“CH;-C“OOH” + “HCOOH” — 3,4-C'*-glucose 

If, in addition to these pathways, the direct oxidation of acetone to “‘pyru- 


* Presented at the Thirty-fifth annual convention of the Federation of American 
Societies for Experimental Biology in April, 1951 (Federation Proc., 10, 241 (1951)). 

Aided by a grant from the American Cancer Society, recommended by the Com- 
mittee on Growth of the National Research Council, and by the Elisabeth Severance 
Prentiss Fund of Western Reserve University. 

The radiocarbon used in these experiments was obtained on allocation from the 
United States Atomic Energy Commission. 

' “Formate’’ and “‘acetate’’ are used to indicate 1- and 2-carbon particles, either 
formate and acetate themselves or intermediates of their metabolism. 

? ““Pyruvate’”’ is used to indicate a 3-carbon intermediate of glycolysis. 
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vate” contributed to acetone utilization, the 1,6- and 2,5-carbons would 
also be labeled, with higher activity in the 2,5 than in the 1,6 positions, 
the contribution of acetone by this mechanism being similar to that of 
2-carbon-labeled lactate (4). 


CH;-C“0O-CH; — 2,5 > 1,6-C"-glucose 


The relative activity of the 1,2,5,6- and 3,4-carbons would depend on the 
relative quantitative importance of the ‘‘pyruvate’’-forming and 3,4-car- 
bon-labeling mechanisms. In agreement with this hypothesis of a direct 
oxidation of acetone to “‘pyruvate,”’ the liver glycogen has been found to 
be totally labeled, with higher activity in the 2,5- than in the 1 ,6-carbons. 

To study the extent to which acetone participates as an intermediate 
of acetoacetate oxidation, 1,3-C™-acetoacetate was administered to rats 
under the conditions of the acetone experiment and the labeling of the 
liver glycogen determined. The carbonyl isotope of the acetoacetate did 
not follow the pathway of the acetone carbonyl carbon into the 1 ,6- and 
2,5-carbons of the liver glycogen, but was almost entirely incorporated 
into the 3,4 positions. 


EXPERIMENTAL 


The 2-C-acetone and 1,3-C-acetoacetate employed in these experi- 
ments were labeled with activities of 3.7 X 10° and 1.62 X 10° ¢.p.m. per 
mg. of labeled carbon, respectively. Acetone was prepared from carboxyl- 
labeled acetate by the procedure described for C'-methyl-labeled acetone 
(2); acetoacetate was synthesized by the method employed for the cor- 
responding C'*-labeled compound (5). 

Six male albino rats were fasted for 24 hours, after which they weighed 
from 110 to 130 gm. each. They were given a dose of 2.52 ml. of 1.35 m 
glucose by stomach tube and 1.00 ml. of 0.29 m 2-C"-acetone or 0.26 m 
1 ,3-C-sodium acetoacetate solution subcutaneously per 100 gm. Four 
rats received the acetone and two the acetoacetate. The acetoacetate- 
treated animals and two of these receiving acetone were kept in metabo- 
lism cages for the collection of respiratory COs. 

The C™ activities of consecutive hourly samples of the respiratory CO; 
are shown in Table I. During the 4 hours of the experiment 27 per cent 


of the activity administered as acetone and 62 per cent of that adminis- — 


tered as acetoacetate were recovered in the CO;. The rate of excretion 
of acetone radioactivity as CO, increased throughout the experimental 
period, whereas that of the acetoacetate was highest in the Ist hour and 
rapidly diminished. 

After 4 hours, the livers were removed under sodium amytal anesthesia 
and pooled. Glycogen was isolated by the method of Good, Kramer, 
and Somogyi (6) and purified by reprecipitating it twice from LiCl solu- 
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tion by means of alcohol. The glycogen was hydrolyzed by heating it on 
a steam bath for 3 hours with 1 Nn H.SO, and subjected to the “bacterial 
degradation” procedure of Wood, Lifson, and Lorber (7). The results 
of the glucose degradations are shown in Table II. The C™ of carbonyl- 
labeled acetone was introduced into all of the carbons of the glycogen with 
higher labeling in the 2,5- than in the 1,6-carbons. The C™ of carboxyl- 


TaBLeE I 


Excretion of C'* in Respiratory CO, after Administration of C'*-Carbonyl-Labeled 
Acetone* and C'*-Carboryl- and Carbonyl-Labeled Acetoacetate 


Activity of respiratory COs 


Specific activity Total activity 
| Acetone Acetoncetate | Acetone Acetoacetate 
c.p.m. per mg. C | c.p.m per | | c.p.m 

Ist 596 4980 96 , 700 1,090 ,000 

2nd 1020 | 2020 219,000 | 398 , 000 

3rd | 1490 | 650 240, 000 100 ,000 

4th | 1800 ! 308 255, 000 | 45 ,600 


* The total activities administered as acetone and acetoacetate were 2.97 « 10* 
and 2.63 X 10% ¢.p.m. respectively. 


Taste II 


Distribution of Isotope in Liver Glycogen after Administration of C'*-Carbonyl-Labeled 
Acetone and C'*-Carbonyl- and Carboryl-Labeled Acetoacetate 


| Labeling of carbon fractions, activity in c.p.m. per mg. C 


Compound administered 
1,6° 2,5° 3,4° 
22 26 | 1260 


o.. 


‘ Position of the glucose unit of the glycogen. 


and carbonyl-labeled acetoacetate was introduced largely into the 3,4- 
carbons. A small amount of activity was present in the 1,6- and 2,5- 
carbon fractions. The activity in the 1,6 positions may be largely an 
artifact of the degradation procedure (8). 


DISCUSSION 


The introduction of the C™ of carbonyl-labeled acetone into the 1,6- 
and 2,5-carbons of the liver glycogen cannot be accounted for either by 
carboxylation of acetone to acetoacetate or its cleavage to “acetate” and 
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“formate.” The data are in agreement with the occurrence of an addi- 
tional pathway via the direct oxidation of acetone to a 3-carbon inter- 
mediate of glycolysis, in that the 2,5-carbons are more active than the 
1,6. Under this interpretation of the data, comparison of the amount of 
isotope in the 1,6- and 2,5-carbons, introduced by the oxidation of ace- 
tone to “pyruvate,” with that in the 3,4-positions, introduced by all 
mechanisms, indicates that “pyruvate” formation is a major mechanism 
of acetone utilization. This is consonant with the higher activity in the 
1,6 and 3,4 positions than in the 2,5 found with methyl-labeled acetone 
(2). The occurrence of the additional pathway accounts for the activity 
of the 3,4-carbons, without alteration of the distribution of labeling in 
the 1,6 and 2,5 positions (1,6 > 2,5) produced by the cleavage reaction 
(2). 

The data of this study do not, however, conclusively prove the exist- 
ence of an additional pathway of acetone catabolism in that the mecha- 
nism of “formate” production may not have been correctly formulated. 
Some intermediate compound other than “acetate’”’ and capable of intro- 
ducing isotope from the acetone 2-carbon into the 1,6- and 2,5-carbons 
of the liver glycogen might be generated in the process of “formate” 
formation. In this case, it would be necessary to assume that the ex- 
tensive formation of “‘acetate’’ from acetone which has been observed by 
Zabin and Bloch (9) and by Price and Rittenberg (10) occurs with this 
intermediate or is produced by the carboxylation of acetone to acetoace- 
tate. The physiological importance of the latter mechanism has not been 
demonstrated; in Plaut and Lardy’s experiments in vitro (1) the carboxyl- 
ation was rather slow, but this is also true of the rate of acetone metabo- 
lism in the intact animal (10, 2). 

No direct evidence concerning the significance of acetone utilization is 
yet available. It appears from these experiments that it is not normally 
of importance as a mechanism of the utilization of acetoacetate per se. 
Neither the methyl or methylene (2) nor the carbonyl carbon of aceto- 
acetate has been found to follow the metabolic pathways of the corre- 
sponding carbons of acetone. However, the present experiment may re- 
flect liver metabolism more than that of other organs of the body. It is 
possible that acetoacetate is produced in nascent rather than free form 
and that this intermediate is metabolized via an active acetone deriva- 
tive. The CO,-carboxyl exchange of acetoacetate in incubating liver ho- 
mogenates has been shown to be enhanced by the addition of pyruvate, 
butyrate, caprylate, and certain other metabolites, but not of acetoace- 
tate (1, 11). The contingency that the isopropyl group of leucine is 
utilized via an acetone derivative and is normally of importance as a 


source of “formate” also merits further study. In this connection, it has 
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been reported that the isopropyl group of isovaleric acid yields a 3-carbon 
particle which, like acetone, is at least in part carboxylated to acetoace- 
tate and apparently considerably more rapidly than is acetone per se (11, 
12). 


SUMMARY 


C"-Carbonyl-labeled acetone has been administered to rats and the 
distribution of activity in the liver glycogen determined. All of the car- 
bons were labeled, with higher activity in the 2,5 than in the 1,6 posi- 
tions. This indicates the existence of a pathway of acetone metabolism 
other than carboxylation to acetoacetate or cleavage to “acetate” and 
“formate.’”’ A mechanism involving the direct conversion of acetone to 
a 3-carbon intermediate of glycolysis has been postulated. 
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A VIRUS EFFECT ON THE UPTAKE OF C* FROM GLUCOSE IN 
VITRO BY AMINO ACIDS IN MOUSE BRAIN* 


By MAX E. RAFELSON, Jr.,f RICHARD J. WINZLER, ano 
HAROLD E. PEARSON 


Witn tHe TEecunicaL AsstisTaNce OF Dorotuy LAGERBORG 
(From the Departments of Biochemistry and Nutrition and of Microbiology, University 
of Southern California School of Medicine, and the Laboratory Division, 
Los Angeles County Hospital, Los Angeles, California) 


(Received for publication, April 23, 1951) 


In previous studies, minced 1 day-old mouse brain incubated with uni- 
formly labeled C'-glucose incorporated significant amounts of radioac- 
tivity into the protein fraction (1). Inoculation of such preparations with 
Theiler’s GD VII mouse encephalomyelitis virus resulted in rapid virus 
propagation and increased incorporation of radioactivity into the protein 
fraction. In the present study the chromatographic methods, developed 
by Moore and Stein (2-5) for the separation of amino acids on starch col- 
umns, have been used to determine the amino acid content of this protein 
fraction and the extent to which radioactive carbon from uniformly labeled 
glucose had been incorporated into the various amino acids in the pres- 
ence and absence of Theiler’s GD VII virus. 


Methods 


Preparation and Incubation of Tissues—Minced | day-old mouse brain 
averaging about 60 mg. was prepared in sterile 50 ml. Erlenmeyer flasks 
containing Simms’ solution as previously described (1, 6, 7). 3 mg. of 
glucose uniformly labeled with C™, containing 436,000 ¢.p.m. per mg. 
measured in a windowless counter and corrected to a sample thickness of 
0.5 mg. per sq. cm., were added to each flask. This glucose was prepared 
photosynthetically with sweet potato or tobacco leaves by a modification 
of the method of Putman et al. (8). Some preparations were contami- 
nated with 2 to 4 per cent fructose with a specific activity comparable to 
that of glucose. However, results with such preparations did not differ 
detectably from those obtained with radioglucose shown by filter paper 
chromatography with phenol to contain no radioactive fructose. 


* Supported by a grant from the National Advisory Cancer Council of the Na- 
tional Institutes of Health. This material was taken from a thesis presented by 
Max E. Rafelson, Jr., to the Graduate School, University of Southern California, 
in partial fulfilment of the requirements for the degree of Doctor of Philosophy. 
Presented in part at the Fifth International Cancer Congress, Paris, July, 1950. 

t Predoctorate Research Fellow, National Institutes of Health. 
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A strain of Theiler’s GD VII mouse encephalomyelitis virus previously 
propagated through forty-five to fifty serial passages in minced 1 day-old 
mouse brain was used in the infected series of flasks. This virus was 
obtained from the supernatant fluid of virus-infected, 1 day-old mouse 
brain incubated 48 to 72 hours in Simms’ solution. The supernatant was 
added to flasks in a final dilution of 1:1000, giving the minced tissue sus- 
pension an initial titer' of 10-*. Control flasks of minced brain received 
the same amount of supernatant fluid from non-infected tissue cultures. 

The pH of the flasks was adjusted to 9 with dilute sodium hydroxide, 
and the volume made up to 3 ml. with Simms’ solution. Incubations 
were usually carried out at an initial pH 9, since virus propagation was 
more rapid than at lower values (9). The flasks were closed with rubber 
stoppers and incubated without shaking at 35° for 24 or 48 hours. At 
the termination of the incubation period the contents of the flasks were 
centrifuged for 10 to 20 minutes at 1500 r.p.m. in a horizontal head, and, 
as previously described (9), were tested for sterility and the virus titer 
of the supernatant fluid determined by intracerebral injection of 0.03 ml. 
of serial dilutions into groups of six to eight mice. 

Fractionation of Tissue—The protein fraction was isolated as previously 
described (1, 7). This fraction is left after removal of acid-soluble com- 
ponents with trichloroacetic acid and extraction of lipides with ethanol- 
ether and chloroform-methanol. 

Hydrolysis of Protein Fraction—Approximately 100 mg. of the protein 
fraction derived from fifteen to twenty flasks were hydrolyzed for 16 hours 
in 200 times the sample weight of 6 N hydrochloric acid twice distilled 
from glass. Little humin formation was apparent during hydrolysis. The 
excess hydrochloric acid was removed by three concentrations under 4 
vacuum. The hydrolysate was washed into a graduated flask and made 
up to 10 ml. An aliquot of this was evaporated to dryness under a 
vacuum and taken up in the solvent to be used on the starch column. 
The preparation of the column and the addition of the sample to the col- 
umn were carried out as described by Moore and Stein (2-5). 

Analysis of Amino Acids—The collection and analysis of effluent frac- 
tions were carried out as described by Moore and Stein. The separations 
with 2:1 n-propanol-0.5 ~ hydrochloric acid were carried out on starch 
columns 30 cm. in length and 1.3 em. in diameter. Determination in 
this laboratory of the values for the table of leucine equivalents, the cor- 
rection factors for the sample size and the solvent system, and the color 
yields of the amino acids relative to leucine agreed within 2 per cent of 
those reported by Moore and Stein (3). From the 1 ml. effluent fractions, 


' Virus titer is the highest dilution which was lethal to at least half of a group of 
six to eight mice. 
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collected with an automatic fraction collector, 0.5 ml. portions were pi- 
petted out and dried directly in tared aluminum dishes over an area of 
5.31 sq. cm., and counted in a windowless Q gas counter. A minimum of 
4000 counts was taken. In some cases the samples were dried over an 
area of 15.9 sq. cm. and counted with a thin mica window tube. Cor- 
rection to a sample thickness of 0.5 mg. per sq. cm. was made unless other- 
wise indicated. For the determination of the specific activity of the amino 
acids, the micromoles of amino acid at each effluent peak were divided 
into the counts per minute at the peak. The elution curves were plotted 
with micromoles of amino acid or counts of C™ per minute per 1.0 ml. of 
effluent solvent against cumulative effluent volume. The location of the 
amino acid peak concentrations corresponded closely to those obtained by 
Moore and Stein (4). 

Identification of Amino Acid Peaks—Filter paper chromatography has 
been carried out on peak fractions isolated from the columns. The re- 
sults of these experiments with paper chromatography in all cases showed 
amino acids with R, values corresponding to those of the expected amino 
acids at each peak. The cystine peak, however, contains at least two 
ninhydrin-reacting substances in addition to cystine. The exact identity 
of these is not known. Further substantiation of the identity of the 
amino acid peaks was obtained by the following observations: (1) In a 
trial chromatogram of amino acids a trace amount of C-methyl-labeled 
methionine emerged with the methionine peak; (2) all tyrosine fractions 
tested have given a positive phenol test; (3) cystine peaks have given a 
positive Sullivan’s test; (4) proline was readily identified by the reddish 
yellow color it develops with ninhydrin. Finally a sample of bovine 
serum albumin was chromatographed and the values obtained were in 
close agreement with those of Stein and Moore (5). 


EXPERIMENTAL 


Incorporation of Radioactive Carbon from Labeled Glucose—Fig. 1 and 
Table I give data for typical experiments in which incubations were for 24 
hours at pH 9. Similar results were obtained in six other completely in- 
dependent experiments. In both the control and the virus-infected brain 
tissue there was a radioactive peak associated with most of the amino 
acid peaks. Some asymmetries exist in the radioactivity curves of Fig. 1 
and were also found in all the other experiments. It is seen that entirely 
comparable amounts of radioactivity appear to be associated with both 
the essential and non-essential amino acids in this system. The observa- 
tion was not anticipated since the essential amino acids cannot be syn- 
thesized rapidly enough by the intact growing animal to permit normal 
growth. 
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65 to 85 per cent of the initial radioactivity of the protein fraction was 
recovered in the amino acids or substances eluted with them in all of the 
experiments thus far carried out. The radioactivity of the protein frac. 


80 (20 6O 
EFFLUENT VOLUMEIMI) 

Fic. 1. Distribution of radioactivity in amino acids in Experiment 22. Incu- 
bation for 24 hours at an initial pH 9; chromatography with 2:1 n-propanol-0.5 x 


HCl. Top section, 5 mg. of control protein hydrolysate (34,000 counts); lower | 
section, 5 mg. of infected protein hydrolysate (59,000 counts). The final virus © 


titers of the infected flasks ranged from 10~* to 10~*; the open areas indicate micro- 
moles of amino acid per ml. of effluent and the cross-hatched areas denote radio- 
activity in counts per minute per ml. The following symbols are used: $AL., 
phenylalanine; LE., leucine; ILE., isoleucine; VA., valine; ME., methionine; TY., 
tyrosine; PR., proline; AL., alanine; G.A., glutamic acid; TH., threonine; A.A., as- 
partie acid; SE., serine; GL., glycine; AR., arginine; LY., lysine; HL., histidine; CY., 
cystine. 


tion thus appears to be largely due to the radioactivity of the amino acids, 
and not to adsorbed glucose or non-amino acid intermediates. 

The presence of a radioactive peak coinciding with an amino acid peak 
is, of course, not conclusive evidence that radioactivity is contained in 
the amino acid. This question has been examined more critically in the 
case of several amino acids. The “protein” hydrolysates from minced, 
1 day-old mouse brain incubated for 48 hours with C™-glucose and 
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Taste 

Concentration and Specific Activities uf Amino Acids from Protein Hydrolysates of 
1 Day-Old Minced Mouse Brain Incubated 24 Hours at pH 9 with 

C™.Glucose in Presence and Absence of GD VII Virus 


Experiment 22° Experiment 
No virus Virus No virus Virus 
Leucine and isoleucine 31.0$ 20.8 30.6 30.4 
4460 
Phenylalanine 5.9 5.7 5.2 5.5 
2620 3040 7050 
Valine and methionine 30.3 30.6 9.3 | 30.6 
1450 2720 3180 3700 
Tyrosine 5.8 5.6 5.2 5.6 
2110 2750 5100 100 
Proline | 35.3 34.8 34.2 36.7 
0 100 70 
Alanine and glutamic acid 30.6 31.0 30.2 31.9 
3300 4600 2180 5060 
Threonine 21.3 21.3 20.0 22.0 
0 0 0 0 
Aspartic acid 19.1 19.2 18.8 19.6 
4560 6250 1870 7610 
Serine 20.7 20.8 20.2 21.2 
2210 4370 1500 7520 
Glycine 19.9 19.8 18.8 20.6° 
2900 1680 6970 
Arginine and NH, 17.7! 18.0 16.8 19.8 
2000 2040 2450 5100 
Lysine 32.8 12.0 33.8 11.0 
780 0 1060 0 
Histidine 16.2 11.0 15.4 11.1 
1160 7) 1140 0 
Cystine 11.9) 20.1 14.0 22.7 
1370 


* Data from Fig. 1. 

t In this experiment, alternate 0.5 ml. effluent samples were used for ninhydrin 
treatment and for the determination of radioactivity. The positions of the two 
peaks therefore do not coincide and are shifted one sample to the right or left. Un- 
der these conditions the position and amount of actual peaks may have been missed, 
although this should not impair any comparisons between virus-infected and non- 
infected tissues. For determination of the specific activities of the amino acids, 
the micromoles of amino acid at each effluent peak were divided into the counts 
per minute at the peak, this latter value being obtained by averaging the radio- 
active counts on either side of the effluent tube where the ninhydrin peak occurred. 

$ The upper figures in each entry represent micromoles of amino acid per 100 mg. 
of hydrolyzed protein. 

§ The lower figures in each entry represent the specific activity at the peak; 
C’ counts per minute per micromole of amino acid. 

' Assumed to be all arginine or cystine for purposes of calculation of specific 
activity. 
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Theiler’s GD VII virus were chromatographed on a large column (30 cm. 
by 2.8 cm.) with 1:1:0.288 n-butanol-benzyl alcohol-water with 0.5 per 
cent thiodiglycol as the solvent. The resolution of phenylalanine, leucine, 
isoleucine, methionine, tyrosine, and valine is shown in Fig. 2. The re- 
spective tubes containing the first four amino acids were pooled and their 
specific activities determined. The pooled fractions were evaporated to 
dryness, taken up in the minimal amount of hot water, and racemized 
with molar sodium hydroxide at 100° for 2 hours.? Recrystallized racemic 


carrier was added and the amino acids were recrystallized to constant © 


specific activities. The results are given in Table II, and indicate that | 


the radioactivity measured in these amino acids represents actual incor- | 


2 LE ME. TY+ 
025: 
€0 
EFFLUENTIMI) 


Fig. 2. Starch column 30 X 2.8 cm. developed with 1:1:0.288 n-butanol-benzy! 
alcohol-water. 25 mg. of protein hydrolysate from infected cultures at pH 9 con- 
taining 46,500 c.p.m. were added to the column and 5.0 ml. fractions collected. 


poration of radioactive carbon from glucose into the amino acid molecules 

Decarborylation of Isolated Amino Acids—The position of the radio- 
active carbon in those amino acids recrystallized to constant specific ac- 
tivity was determined in part by reacting the above amino acids with 10 
times their weight of ninhydrin and collecting the evolved carbon dioxide 


in very dilute sodium hydroxide. The results shown in Table III are cal- | 


culated as counts of C“ per micromole of carbon in the amino acid and in 
the carbon dioxide produced. The per cent of the original C™ activity 
found in the carbon dioxide produced and that remaining in the reaction 
mixture was determined, the recoveries being satisfactory. The carbon 
dioxide produced upon decarboxylation of methionine contained 24.3 per 
cent of the total radioactivity present in methionine. The carboxyl group 
of phenylalanine contained 46.9 per cent of the radioactivity associated 


* Racemization may not have been complete under this treatment (16). 


Tso 


oO | 
S050 Ph 
= Le 
Iso 
Me 
) 
San 
tu 
Ra 
| Phe 
Leu 
Isol 
Me 
| em. 
I 
wit 
lat 
sho 


om re 


RAFELSON, WINZLER, AND PEARSON 211 


with the amino acid, while the carboxyl groups of leucine and isoleucine 
contained 42.0 and 44.5 per cent respectively. These data indicate that 


Taste Il 
Isolation and Recrystallization to Constant Specific Activity of Four Amino Acids 
from 1 Day-Old Brain Incubated 48 Hours with C'-Glucose 
and GD VII Virus 


Specific activity of ¢.p.m. per 
Amino acid Directly Calculated Recrystallization No. 
from of 
columa carrier 2 3 
per 100 
me. 
Phenylalanine. ......... 6.8 677 85.7 85.3 85.2 85.3 
21.9 626 82.5 82.0 82.5 
SE or 11.5 955 90.2 86.1 88.8 85.8 
Methionine. .—-—s—s—d....... 24.4 498 | 34.6 34.3 34.5 34.3 


* Fractions in Fig. 2 pooled for each amino acid and specific activity determined. 
Samples dried over an area of 15.9 sq. em. and counted with a thin mica window 
tube. Samples were not corrected for self-absorption. 


Ill 
Radioactivity in Carboryl Groups of Four Amino Acids Isolated from 1 Day-Old Mouse 
Brain Incubated 48 Hours with C*-Glucose and GD VII Virus* 


Amino acid COs produced 

Per cent 
Per cent initiet 
Used | | Produced) | torah 

COs 
Phenylalanine 4.24 85.3 4.33 38.3 46.9 | 99.0 
Leucine... 7.638 82.5 | 7.52 | 35.1 | 42.0 | 97.9 
Methionine 6.70 650 | M3 | 97.6 
* Samples were counted with a thin mica window tube over an area of 15.9 sq 


em. No corrections for self-absorption were made. 


the carboxyl carbon of these amino acids is more active than the average 
value for the remaining carbons. 

Partial Degradation of Methionine—Minced mouse brain was incubated 
with C“-glucose for 24 hours in the absence of virus. Methionine was iso- 
lated from the protein by means of a chromatographic run similar to that 
shown in Fig. 2, and 6.9 mg. were demethylated with boiling concen- 
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trated hydriodic acid (10, 11). The resultant methyl iodide was trapped 
in a 5 per cent solution of trimethylamine in ethanol. The solution was 
allowed to stand at room temperature overnight and was then evapo- 
rated to dryness in vacuo. The tetramethylammonium iodide was taken 
up in hot water and precipitated with alcohol. The homocysteine in the 
reaction mixture was decarboxylated with 10 times its weight of ninhydrin 
and the evolved carbon dioxide collected. The results in Table IV show 
that 23 per cent of the radioactivity was associated with the methyl group 


Taste IV 
Partial Degradation of Methionine 
| Amount used or | cu Per cent c 
produced | | activity 
46.0 2520 | 100 
44.5 575 23 
COOH (CO,) 45.0 649 26 
Reaction mixture . 1235 49 
Total . Qs 
* Corrected to 0.5 mg. per sq. em. 
Taste V 
Decarborylation of Lysine with Lysine Decarborylase 
Lysine | COs produced 
10.0 75.0 9.8 73.7 06.3 


* Corrected to 0.5 mg. per sq. em. 


of methionine. The carboxyl group contained 26 per cent of the radio- 
activity, in reasonable agreement with the data of Table III, while 49 
per cent of the original methionine radioactivity was left in the reaction 
mixture associated with the other 3 carbon atoms of methionine. 
Decarborylation of Lysine—Two experiments were carried out which in- 


dicate that the radioactivity associated with lysine is confined to the car- | 


boxyl group. Paper chromatography of the effluent lysine peak followed 
by radioautography showed radioactivity only in a spot having the R, 
of lysine. Treatment of this chromatogram with ninhydrin gave a single 
amino acid spot and resulted in the loss of all detectable radioactivity. 
Another experiment on the localization of the radioactivity in lysine 
is given in Table V. In this experiment 10 ym of lysine, isolated from a 
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chromatographic run, were incubated for 10 hours at 25° with 40 mg. of 
lysine decarboxylase’ from Bacterium cadaveris. The data indicate that 
the radioactivity of lysine is entirely associated with the carboxyl group, 
since all of the radioactivity associated with lysine was found in the car- 
boxyl carbon dioxide at the end of the incubation period. 

Decarborylation of Whole Hydrolysates—The entire hydrolysates of the 
“protein” fraction isolated from both non-.nfected and virus-infected 1 
day-old mouse brain were treated with 10 times their weight of ninhydrin 
and the evolved carbon dioxide collected in dilute sodium hydroxide in 
order to determine the amount of radioactivity in the a-carboxyl groups 
of the amino acids. The data given in Table VI show that approximately 
35 per cent of the total radioactivity in the hydrolysates is associated with 


Taste VI 


Radioactivity in Carboryl Groups of Amino Acids in Protein Hydrolysates 
from Mouse Brain Incubated with C'-Glucose* 


Hydrolysate COs produced Per cent 
‘ otal 
Type (Used | | cu activity 

No virus. . 20 | 2.5 4144 | 37.0 | 95.7 
| 10 26 | 24 410 | 33.5 99.5 
0 | | 3.2 650 36.1 | 97.3 
«10 601 2.5 822 33.4 | 96.9 
| & | | 12 | 70 | 


* Samples counted with thin mica window tube; corrected to 0.5 mg. per 8q. em. 


amino acid carboxyl groups. No differences were found in the per cent 
of the original C“ activity found in the liberated carbon dioxide from non- 
infected or virus-infected hydrolysates. These data also suggest that the 
carboxyl carbons of the amino acids are more active than the average 
value for the other carbons on the basis of a 5-carbon residue. 
Incorporation of Radioactive Carbon from Labeled Glucose at pH 7.2—The 
high pH at which the previous incubations were carried out might possibly 
have been of considerable importance in affecting the extent to which 
radioactive glucose fragments were incorporated into the various amino 
acids. An initial pH of 9 was selected for the incubations since it has pre- 
viously been shown that virus propagation is faster at this pH (9). Fig. 
3 and Table VII give the data for an experiment in which minced | day- 
old mouse brain was incubated for 48 hours at pH 7.2 with C"™-glucose in 
the presence and absence of Theiler’s GD VII virus. The results are 


* We are indebted to Dr. Martin E. Hanke for a generous supply of this enzyme. 
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comparable with those shown in Fig. 1 and Table I, except that the }  ,.i, 
specific activities of the amino acids in the experiment at pH 7.2 are con- abs 
siderably lower than in the experiments at pH 9 in spite of the longer om 
eve 
the 
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Fic. 3. Distribution of radioactivity in amino acids after incubation for 48 hours re 
at pH 7.2; chromatography with 2:1 n-propanol-0.5 n HCl. Top section, 6 mg. of — § 
control protein hydrolysate (15,700 c.p.m.): lower section, 6 mg. of infected protein 
hydrolysate (22,100 counts). The final virus titers of the infected flasks ranged | 


from 10-* to 10-*. The open areas refer to the amount and the cross-hatched areas diff 
to radioactivity per ml. of effluent. hav 
inet 

DISCUSSION 
fror 


Comparison between Control and Virus-Infected Tissues—The work of tive 
Moore and Stein has shown that the chromatography of protein hydroly- 1 
sates on starch gives a quantitative measure of the amino acid content of inte 
the protein. Analysis of bovine albumin by this method has, in our day 
hands, given results which agree with those of Stein and Moore (5). The cu. 
data in Figs. 1 to 3 and Tables I and VII therefore represent the amino met 
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acid composition of 1 day-old mouse brain incubated in the presence and 
absence of virus. It can be seen that the concentrations of all of the 
amino acids except lysine, histidine, and cystine are similar in the control 
and virus-infected brain tissue. The lysine and histidine contents, how- 
ever, are significantly decreased, while the cystine content is increased in 
the virus-infected brain tissue as compared to non-infected controls. The 


Taste VII 
Concentration and Specific Activities of Amino Acids from Protein Hydrolysates of 
1 Day-Old Minced Mouse Brain Incubated 48 Hours at pH 7.2 with C'*-Glucose, 
in Presence and Absence of GD VII Virus* 


No virus Virus 
Amino acid 
ont | activity out 
Leucine and 99.0 | 1187 36 | 1748 
Phenylalanine 64 918 63 
Valine and methionine.........| 28.6 | 908 2.4 | 14% 
Tyrosine.......... didn: 6.3 1200 62 | 1390 
39.0 | 0 | 0 
Alanine and acid. ... 31.0 | 2045 30.7 3980 
Threonine .. 19.4 0 | 19.7 0 
Aspartic acid. 21.5 | 1855 22.1 5640 
Serine... 2010 199 | 3470 
Glycine. . 7 | 21.8 1790 197 3060 
Arginine§ and NH. 2118 21.9 3540 
Lysine. . 327 10.7 0 
Cystine§. . 4. 20.5 2550 


- 


| 


° Data ‘from Fig. 3. 

t Micromoles of amino acid per 100 mg. of hydrolysate. 

t Specific activity at peak curve; C'' counts per minute per micromole of amino 
acid. Corrections for self-absorption were not made. 

§ Assumed to be all arginine or cystine for purposes of calculation of specific 
activity. 
differences have been found in all of the six independent experiments that 
have been carried out. Determination of the amino acid content of non- 
incubated | day-old mouse brain did not reveal any significant differences 
from the incubated control brain. Adult mouse brain gave similar rela- 
tive amounts of all of the amino acids. 

These data have indicated that radiocarbon from glucose is incorporated 
into all of the amino acids except proline and threonine when minced | 
day-old mouse brain is incubated for 24 hours with uniformly labeled 
C“-glucose. Although the data are conclusive only for leucine, isoleucine, 
methionine, phenylalanine, and lysine, it appears that most of the amino 
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acids are radioactive following this incubation. It will be necessary to 
isolate and recrystallize each amino acid before its radioactivity can be 
considered to be established unequivocally. The incorporation of glucose 
fragments into most of the amino acids is significantly increased during 
propagation of Theiler’s GD VII virus. The incorporation into lysine 
and histidine, however, is inhibited by the presence of the virus. This 
inhibition has special interest, since it has previously been shown that | 
these two amino acids are rather strong inhibitors of virus growth and | 

| 


PO, uptake 1 in this system (12, 13). The fact that the amounts of these 
two amino acids are reduced in infected cultures has already been — 
mentioned. 

The observation that the essential amino acids incorporate C™ from | 
glucose in amounts roughly equivalent to that found in such non-essential | 
acids as aspartic acid was unexpected. Such incorporation probably does — | 
not proceed through CO, fixation, since we have previously found (1) that 
there was a relatively small amount of radioactive carbon dioxide fixation 
into the “protein” fraction of minced 1 day-old mouse brain and that 
virus propagation did not influence this process. Since 2 omen 
50 per cent of the activity of leucine, isoleucine, and phenylalanine i is in 
the carboxyl group, it is tempting to speculate that these amino acids were | 
reformed by condensation of some residue with a C-2 fragment derived | 
from glucose. The finding of radioactivity in the methyl group of methi- | 
onine is perhaps not surprising in the light of recent reports (14, 15). 

These observations suggest that in this tn vitro system the essential 
amino acids may exist in equilibrium with metabolites derived from glu- 
cose. In experiments with intact 1 day-old mice injected with radioglu- 
cose, little or no incorporation of radioactive carbon from glucose into the 
essential amino acids was observed. The details of this work will be re- 
ported later. It is possible that, in an tn vitro system such as the one— 
employed here, the primary breakdown products of amino acids are less — 
rapidly disposed of than in the intact animal and are available for reactions — 
with metabolites derived from glucose, leading to the reformation of amino 
acids not ordinarily synthesized in the intact animal. 

The extent of the incorporation of C™ into the amino acids in this sys- 
tem is large enough to have been detected, had this incorporation repre 
sented newly synthesized proteins without concomitant degradation. — 
Thus, the specific activity of the carbon atoms of aspartic acid in the con- 
trol incubation of Experiment 22, Table I, is 8.8 per cent that of the start- 
ing glucose, assuming uniform distribution of C™ in the aspartic acid. 
The activity of the carboxyl carbon of the leucines calculated from the 
same experiment, assuming that 50 per cent of the C™ was in the carboxy! 
group, indicates that 11 per cent of the carboxyl carbon had been replaced 
by glucose carbon. A similar calculation for the carboxyl group of lysine 
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shows a replacement of 6 per cent. However, in these experiments no 
significant increase in the amounts of the amino acids was found, and 
therefore no net synthesis of the amino acids was demonstrated. 


SUMMARY 


The extent of incorporation of radioactive carbon from glucose into the 
amino acids of minced 1 day-old mouse brain incubated with uniformly 
labeled C-glucose has been studied in the presence and absence of 
Theiler’s GD VII virus. The “proteins” were isolated, hydrolyzed, and 
the component amino acids separated by starch chromatography. Radio- 
active peaks of roughly comparable specific activity were found to be 
associated with all of the non-essential and essential amino acids except 
proline and threonine. The presence of virus stimulated the incorpora- 
tion of radioactive carbon from glucose into most of the amino acids but 
inhibited the incorporation of glucose fragments into lysine and histidine. 
The amounts of these two amino acids were reduced in the virus-infected 
tissues, whereas the amounts of the other amino acids were unchanged. 
Radioactivity of lysine was shown to be limited to the carboxyl group. 
The carboxyl group, the methyl group, and at least one other carbon of 
methionine were shown to be radioactive. About half of the radioactivity 
of phenylalanine, of leucine, and of isoleucine was shown to reside in the 
carboxyl carbon. The data suggest that virus propagation in this system 
is intimately associated with effects on lysine and histidine metabolism. 
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URINARY METABOLITES AFTER INTRAVENOUS INJECTION 
OF HUMAN SUBJECTS WITH TESTOSTERONE* 


By CHARLES DONALD WEST,ft HANS REICH, ann LEO T. SAMUELS 


(From the Department of Biological Chemistry, University of Utah College of Medicine, 
Salt Lake City, Utah) , 


(Received for publication, April 2, 1951) 


In a previous communication the intravenous injection of human sub- 
jects with testosterone dissolved in serum albumin solution was reported 
(1). When 150 to 200 mg. of the hormone were given, it was found that 
31 per cent was excreted in the form of 17-ketosteroids within the first 2 
hours after administration. This offered an opportunity for the identifi- 
cation of the steroids originating from the metabolism of testosterone, 
since contamination from endogenous sources would be an insignificant 
proportion of such amounts in so short a time. 


EXPERIMENTAL! 


Isolation of Steroids from Urine after Acid Hydrolysis—Six normal male 
subjects were injected intravenously with 150 to 180 mg. of testosterone 
dissolved in 25 per cent human serum albumin solution (1). The urine 
was collected for 2 hours after injection, and all the samples were pooled. 
After addition of concentrated HCl equal to 10 per cent of the volume of 
urine, the mixture was refluxed for 15 minutes. The neutral ether extract 
prepared in the usual manner (2) weighed 257 mg. and contained an amount 
of 17-ketosteroids equivalent to 158 mg. of androsterone, as determined 
by the modified Zimmermann reaction (3). Separation with Girard’s 
Reagent T yielded 165 mg. of ketones and 97 mg. of non-ketonic material. 

Ketones—The ketonic material was chromatographed on 5 gm. of alumi- 
num oxide (Merck). The first fractions eluted with mixtures of hexane 
and increasing proportions of benzene up to 50 per cent (9.5 mg.) were 
sublimed in a high vacuum, rechromatographed, and crystallized from 

* This work was supported in part by research grants from the National Cancer 
Institute of the National Institutes of Health, United States Public Health Service, 
from the American Cancer Society upon recommendation of the Committee on 
Growth of the National Research Council, and from Ciba Pharmaceutical Products, 
Inc., Summit, New Jersey. 

t The data in this paper were taken from a thesis presented by C. D. West to the 
Graduate School of the University of Utah in partial fulfilment of the requirements 
for the degree of Doctor of Philosophy. United States Public Health Postdoctoral 
Fellow. Present address, Sloan-Kettering Institute for Cancer Research, New York. 

‘All the melting points were determined on a Kofler micro hot stage and are 
corrected. 
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methanol. The crystals obtained melted at 70-84°, showed maximum | frot 
absorption at 235 my, and gave a positive Zimmermann reaction. This 43 
material was considered to be A*-*-androstadien-17-one (4), although the | °# 
amount was too small for further purification. 

The fractions eluted with hexane-benzene 1:3, benzene, and benzene- 
ether, 9:1, gave 143 mg. of crystals which appeared to be a mixture. The mel 


last fractions eluted with mixtures of benzene and ether and with pure {| A 
ether (3.8 mg.) gave a positive Zimmermann reaction and an infra-red alec 
spectrum similar to that of etiocholan-3a-ol-17-one. ew. 
The mixture of crystals mentioned above (143 mg.) was acetylated and | furt 
rechromatographed. There was no separation of the greater part (129 | 30. 
mg.) of the acetates by this procedure. The last fractions, however, { late 
eluted with benzene and mixtures of benzene and ether, showed maximum = 


absorption at 240 muy, and the infra-red spectrum indicated the presence 
of some testosterone acetate. ; oye 
The mixture of acetates (129 mg.) was saponified with KOH in methanol, | aad 


and the saponified material (112 mg.) was treated with digitonin in 90 Sat, 
per cent ethanol. Only a small amount of digitonide was precipitated, , othe 
corresponding to less than 0.5 mg. of 8-ketosteroids. The a-ketosteroids C 
recovered in the usual manner (5) weighed 106 mg. They were chromato- | %™ 
graphed and gave 19.8 mg. of crude androsterone (eluted with benzene), | iste! 
37.1 mg. of mixtures, and 47.5 mg. of crude etiocholan-3a-ol-17-one (eluted — fron 
with mixtures of benzene and ether containing from 4 to 10 per cent ether). %P8 
The middle fractions were rechromatographed and yielded 9.0 mg. of | ™#2 
crude androsterone, 12.2 mg. of mixtures, and 15.6 mg. of crude etiocholan- © U 
3a-ol-17-one. Finally the mixtures were chromatographed with the Tech- | a 


nicon fraction collector with 8 gm. of aluminum oxide (Baker and Adam- | 
son), activated at 600°. A mixture of 10 per cent chloroform and 90 per | 
cent hexane served as the eluent. The first fractions showed maximum © 
absorption at 235 mu and gave a positive Zimmermann reaction indicating 


the presence of some A*®-androstadien-17-one. The remainder yielded 7.2 
mg. of crude androsterone, 7.4 mg. of crude etiocholan-3a-ol-17-one, and | tract 
only 1.0 mg. of oily material which was eluted between the two. This — — 
also contained some etiocholan-3a-ol-17-one, according to the infra-red left 
spectrum. 
Androsterone—The crude androsterone fractions were combined (36 mg.), . (Me 
sublimed in a high vacuum at 180°, and recrystallized from acetone-hex- | etha 
ane; m.p. 183-185°, mixed melting point with authentic androsterone elute 
(182.5-185°) 182-185°. The acetate melted at 164-166° and gave no de- | — 


pression when mixed with authentic androsterone acetate. 
Etiocholan-3a-ol-17-one—The crude etiocholanolone fractions were com- 1 
bined (70.5 mg.), sublimed in a high vacuum at 180°, and recrystallized re 
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from acetone-hexane. White needles were obtained which melted at 139- 
143.5° and, after solidification, at 149-152°. A mixture with authentic 
etiocholan-3a-ol-17-one showed no depression of either melting point. The 
acetate melted at 93-95°. The mixture with authentic etiocholan-3a-ol- 
17-one acetate (94-97°) melted at 93-96°. The dinitrophenylhydrazone 
melted at 233-235° after recrystallization from dilute methanol.’ 
Non-Ketones—The non-ketonic material (97 mg.) was separated into 
alcoholic and non-alcoholic compounds by heating with succinic anhydride 


in pyridine. The non-alcoholic fraction weighed 59.9 mg. and was not 
further investigated. The hemisuccinates weighed 53.9 mg. and gave 
— 30.5 mg. of alcohols after alkaline hydrolysis. This material was acety- 
- lated and sublimed in a high vacuum. The sublimate weighed 25.0 mg. 


and was chromatographed on 750 mg. of aluminum oxide (Merck). Only 
two fractions, eluted with hexane-benzene 4:1 and weighing 7.5 mg., gave 


 erystals. On recrystallization from dilute methanol, needles were obtained ; 
- m.p. 122.5-126°. The mixture with an authentic sample of etiocholane- 


3a,178-diol diacetate (m.p. 123.5-126°)' melted at 122.5-126°. All the 
other fractions failed to crystallize. 
Characterization of Steroid Conjugates from Urine—A 25 per cent human 


serum albumin solution containing 165 mg. of testosterone was admin- 


istered intravenously to each of two normal male subjects. The urine 
from each person was collected for 4 hours after injection and worked up 
separately, with a modification of the method by which Venning, Hoff- 
man, and Browne (7) isolated androsterone sulfate. 

Urine 1—An aliquot containing an amount of conjugated 17-keto- 
steroids equivalent to 50.1 mg. of androsterone, as determined by the 
Zimmermann reaction, was adjusted to pH 1 with concentrated HCl and 


extracted with five 250 ml. portions of n-butanol. The butanol solutions 
were combined, washed once with 250 ml. of 2.6 Nn NaOH solution, once 
with 250 ml. of 8 Nn sulfuric acid, and three times with 250 ml. of water. 
_ After evaporation to dryness in a vacuum, the residue (863 mg.) was ex- 


tracted several times with hot ethanol. Some material did not dissolve 


_ and was discarded. On evaporation in a vacuum the ethanol solution 


left 566 mg. of residue, which was dissolved in a mixture of 40 per cent 
ethanol and 60 per cent acetone and chromatographed on aluminum oxide 
(Merck). The column was washed with acetone, mixtures of acetone and 
ethanol, and finally with pure ethanol, but only the first two fractions, 
eluted with acetone, gave a positive Zimmermann reaction. They were 
combined and dissolved in water; some insoluble material was discarded. 
The water solution was washed three times with ether (ether extracts dis- 


? Lieberman et al. (6) give a melting point of 225-226° for this derivative. 
* This material was kindly supplied by Dr. R. I. Dorfman, Cleveland, Ohio. 
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carded) and evaporated in a vacuum. The residue weighed 78 mg. and 
was combined with a similar fraction from Urine 2. 

Urine 2—An aliquot containing an amount of conjugated 17-keto- 
steroids equivalent to 57.1 mg. of androsterone was adjusted to pH 1 and 
extracted with butanol as described above. Since considerable loss of the 
conjugated steroids probably occurred during the washing with aqueous 
solutions used in the first sample (7), the combined butanol extracts were 
neutralized to pH 7.0 without further treatment and evaporated to dry- 
ness in a vacuum. The residue (760 mg.) was extracted several times 
with hot ethanol. On drying, the ethanol solution gave 502 mg. of solids; 
this was dissolved in water and the water-insoluble material discarded. 
The water solutions were extracted three times with ether (the ether solu- 
tions were discarded) and evaporated in a vacuum. The residue weighed 
465 ing. It was dissolved in 25 ml. of n-butanol saturated with water, 
and chromatographed on starch. The column was washed with eight 30 
ml. fractions of butanol saturated with water. Only Fractions 3, 4, and 
5 gave a positive Zimmermann reaction. They were pooled (80.9 mg.) 
and combined with the 78 mg. from Urine 1 (see above). 

To obtain information regarding the character of the conjugates in the 
crude concentrate, a small aliquot was chromatographed on paper simul- 
taneously with 25 to 100 7 portions of sodium androsterone sulfate, sodium 
dehydroepiandrosterone sulfate, and sodium estrone sulfate. Both the 
ascending and the descending methods were used with n-butanol saturated 
with water as the developing solvent. After drying, the filter paper was 
sprayed with an alkaline solution of m-dinitrobenzene which showed the 
17-ketosteroids as purple spots. 

As can be seen from Table I, the R, values of the conjugated ketosteroid 
material from urine were markedly different from those of the known sul- 
fates. The urinary steroids, therefore, did not appear to be conjugated 
with sulfuric acid. There was no separation, however, of the unknown 
into more than one spot, in spite of later evidence of two components. 

The combined material from Urines 1 and 2 (158 mg.) was chromato- 
graphed on aluminum oxide. The column was developed with mixtures 
of acetone and ethanol, pure ethanol, and finally mixtures of ethanol and 
glacial acetic acid. The conjugated 17-ketosteroids were eluted with the 
latter combination of solvents. These solutions were combined, evapo- 
rated to dryness, and the residue, dissolved in water, was extracted with 
ether. The water solution on evaporation in a vacuum yielded 105 mg. 
of solids which gave a positive naphthoresorcinol test for glucuronic acid. 
It was dissolved in methanol and the solution was adjusted to pH 9.0 
with 2 n NaOH. The precipitate which appeared after partial concen- 
tration and standing at 0° was washed with cold methanol and dried. It 
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and weighed 33.4 mg., but contained only approximately 4 mg. of 17-keto- 
steroid glucuronidates, as determined by the Zimmermann reaction and 
keto- by the method of Maughan ef al. (8) for glucuronic acid. From the mother 
| and liquor 41.9 mg. of a white powder were obtained by further concentration. 
f the Jt contained an amount of 17-ketosteroid glucuronidates equivalent to 
leous 39.3 mg. of sodium androsterone glucuronidate as determined by the Zim- 
were mermann reaction and 39.0 mg. according to the method of Maughan 
dry- et al. This material was thus 95 per cent pure. A third crop weighed 
‘Ames 12.0 mg. and was approximately 90 per cent pure. All three fractions 
lids; decomposed gradually above 250°. 
rded. For further characterization 29.7 mg. of the second crop were dissolved 
solu- in 30 ml. of acetate buffer, pH 5.0. After addition of 750 mg. of 8-glu- 
ghed curonidase,‘ the mixture was kept at 37° for 22 hours and extracted three 


it 50 TaBLe | 
and Paper Chromatography of Conjugated 17-Ketosteroids 
mg.) Conjugated 17-ketosteroid Direction of | Rv values | Average 
1 the Sodium androsterone sulfate Ascending 0.75 
mul- Descending 0.77 0.76 
lium Sodium estrone sulfate Ascending 0.69 
the Descending 0.66 0.68 
ated Sodium dehydroepiandrosterone sulfate Ascending 0.64 
Descending 0.65 0.65 
Was Sodium salt of conjugated 17-ketosteroid mate- | Ascending 0.53 
| the rial from urine Descending 0.50 0.52 
roid times with ether. The ether solutions were washed with water, dried, and 
sul- evaporated, and gave 10.4 mg. of residue. Chromatography on alumi- 
ated | num oxide yielded 3.0 mg. of crude androsterone, m.p. 181-183°, after 
own recrystallization from ether-pentane, 4.0 mg. of crude etiocholan-3a-ol-17- 
nts. one, m.p. 135-139° and 145-148°, after recrystallization from acetone- 
ato- hexane followed by ether-pentane, and 1.0 mg. of a mixture of both which 
ures’ was eluted between the two. The material was, therefore, a mixture of 
and _ androsterone and etiocholanolone glucuronidates in spite of the failure to 
the | separate on the paper chromatogram or during chromatography on alumi- 
| num oxide. 
with 
mg. DISCUSSION 
cid. | After intravenous administration of testosterone to normal human sub- 
9.0 | jects, only two 17-ketosteroids, androsterone and etiocholan-3a-ol-17-one, 
cen- 


‘This preparation was obtained from the VioBin Corporation. It contained 
25,000 Fishman units per gm. 
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were found in large amounts in the urine collected for 2 hours after in. | ™ 
jection. Since quantitative studies after intravenous injections of testos-| '" 
terone in a series of four individuals showed that 73 to 75 per cent of the} 
injected hormone could be accounted for as excess 17-ketosteroids (1),| 4” 
31 per cent being excreted during the period used in these collections, it 
would appear that these two steroids are the major products of the metabo- |" 
lism of testosterone in the human male. we 

The same two 17-ketosteroids were isolated in large amounts by Do- | ™ 
briner and Lieberman (9) from the urine of a man after intramuscular | ™ 
administration of testosterone propionate. In this case, however, only 
44 per cent of the testosterone could be accounted for as ketonic metabo- | 
lites. 

Two explanations for greater recoveries after intravenous administration 
than after intramuscular injection are possible. First, in the presence of hu 
such large amounts of exogenous hormone being absorbed at a slow but 
fairly steady rate from the intramuscular sites, the endogenous produc- 
tion may have been depressed to negligible levels; yet the calculation of 
recoveries assumes a basic level equal to the preinjection period. Thus 
the amount arising from the injected hormone may have been greater than 
the calculated amount. A second factor may be that at the lower blood — 
levels which must have existed in the subject receiving intramuscular injee- 
tions the relative activity of a second system not producing 17-ketosteroids 
was greater than at the high initial levels achieved in the intravenous 
experiments. That such systems exist is indicated by the intravenous 
studies in cirrhotic patients (1) and in vitro studies with liver and kidney 
tissue (10, 11). 

As in the case of the intramuscular injections, small amounts of etio- 
cholane-3a ,178-diol and a substance giving a maximum absorption at 240 ter 
my, presumably testosterone, were also isolated. Some androstane-— 
3a, 178-diol was also recovered in the experiment of Dobriner and Lieber- | 
man (9); this may have been present in the non-crystalline portion of the 
alcoholic non-ketonic fraction in these experiments. The testosterone in fro 
the urine probably was filtered from the circulating free hormone before 
it could be metabolized by the liver and other tissues. The diols appar- | 
ently are products of the further action of the reductive liver enzymes (12) 
on androsterone and etiocholanolone before the conjugating systems could 
bind up the 17-ketosteroids with glucuronic acid. The reduction reaction “PI 


must be slow compared to the conjugation since only 5.5 per cent of the | 3a- 
administered testosterone was recovered in the form of the diols after the | “o 
intramuscular injection, and a similar low amount was found in these ' 


experiments. 
A*-*-Androstadien-17-one has been found in the urines of most men (6). “* 
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The precursor of this compound has been believed to be dehydroepiandros- 
terone sulfate. The amount recovered in the present experiment, how- 
ever, considerably exceeds the total amount of dehydroepiandrosterone and 
4°-androstadien-17-one which would have been normally excreted during 
the entire time represented by the combined collections. Since we were 
not able to isolate any significant amount of dehydroepiandrosterone, it 
seems probable that some A‘-androsten-3a-ol-17-one, the expected inter- 
mediate between A‘-androstene-3 ,17-dione and the two 3a-hydroxy satu- 
rated isomers isolated, was present in the untreated urine. It is known 
that this compound undergoes ready dehydration on acid hydrolysis to 
give A’ *-androstadien-17-one. 

The evidence thus points to the sequence indicated in the diagram as 
the probable route of metabolism of testosterone when injected into the 
human being in the quantities used here. 


Testosterone =, S‘-Androstene-3,17-dione 


| 
A4*‘-Androst en-3a-ol-17-one 


| 


Androstan-3a-ol-17-one Etiocholan-3a-ol-17-one 
(Androsterone) 


| Conjugation with glucuronic acid | 
Androstane-3a, 178-diol Etiocholane-3a,178-diol 


This conversion must take place largely in the liver, since cirrhotic pa- 
tients produced much less 17-ketosteroids when testosterone was adminis- 
tered (1). 

It would hardly be expected that A‘-androstene-3 ,17-dione would be 


_ isolated from the urine in view of the in vitro studies of hepatic enzymes 


(13). While a very active system forming this compound, was isolated 
from liver tissue, the rate at which the diketone was converted into alco- 
holic 17-ketosteroids was so great that none could be identified in incuba- 
tions with crude homogenates or slices. 

The extremely small amount of 8-ketosteroids formed would indicate 
that the reduction of the ketone group on C-3 is stericly directed. This 


— apparently occurs before reduction of the double bond since A*t-androsten- 


3a-ol-17-one was probably present. When the double bond is reduced, 
attachment to the enzyme is such that both possible isomers at C-5 are 
ormed. 

The fact that only the 3a, 178-diols have been isolated would indicate a 
steric direction in the enzymic reduction of the ketone on C-17. It would 
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thus appear that the enzymes involved in the reduction of ketone groups 
on the steroid nucleus have a type of attachment to the steroid which 
permits only one isomer, while that reducing the double bond will accom- 
modate either cis- or trans-hydrogen. 

The only conjugates of androgens which have been isolated thus far are 
sodium androsterone sulfate (7) and sodium dehydroepiandrosterone sul- 
fate (14). It has been assumed, however, that the body utilizes more 
than one mechanism for making androgens water-soluble so that they can 
be excreted. Our findings confirm this assumption, as we could show that 
androsterone and etiocholanolone are also excreted in the form of their 
glucuronides. Unfortunately it was not possible to separate these con- 
jugates, although the mixture of both was 90 per cent pure. 


SUMMARY 


After intravenous administration of testosterone to normal males, the 
following steroids were isolated from the urine and identified: etiocholan- 
3a-ol-17-one, androsterone, etiocholane-3a , 178-diol, and A* ’-androstadien- 
17-one. It was further demonstrated that the androsterone and etiocho- 
lanolone which made up the greatest part of the 17-ketosteroids in the 
urine were conjugated with glucuronic acid. No significant amounts of 
38-hydroxysteroids were found in the ketonic fraction. 
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The enzyme phosphatase has been mentioned in almost every scheme of 
calcification since Robison (1) first suggested that this enzyme provided 
local, high concentrations of inorganic phosphate by virtue of its action 
on a suitable substrate. Perhaps the principal reason for the persistence 
of this idea is that an almost perfect correlation has been repeatedly ob- 
served (2-7) between the histological sites of phosphatase activity and the 
areas of active calcification. 

Robison, however, found that ester phosphate was present only in low 
concentrations in plasma (8). In an attempt to determine the means by 
which phosphatase is supplied with suitable substrate, recent workers have 
focused attention on the importance of glycogen and the phosphorylative 
eycles of glycolysis in calcification (9-12). These investigators have shown 
the glycolytic processes to be important in calcification, but they have not 
demonstrated that the phosphorylative reactions involved furnish substrate 
for phosphatase. This may be illustrated by quoting from Gutman and 
Yu (13): “Whether glycogenolysis is essential in order to provide phos- 
phorus in some special form or concentration or place, or whether required 
energy is made available, is not clear.” | 

At the moment, the phosphatase question appears to involve two con- 
flicting pieces of information: (a) the enzyme is invariably found to be 
present in areas of active calcification, suggesting a key rdéle in the deposi- 
tion of osseous mineral, and (b) no studies yet conducted have provided 
adequate evidence that the enzyme, though present, has sufficient sub- 
strate in vivo to exert a significant effect on the concentration of inorganic 
phosphate. 

If one assumes that ester phosphate is inhibitory to calcification, the 
problem is partially resolved. Provided that ester phosphate is sufficiently 
inhibitory, a high concentration of substrate is not required for phosphatase 

* This paper is based on work performed under contract with the United States 
Atomic Energy Commission at The University of Rochester Atomic Energy Proj- 
ect, Rochester, New York. 
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to play an important rdle in calcification. The enzyme may be acting as 
a trigger mechanism by removing an agent which prevents the precipita- 
tion of calcium phosphate salts. 

Reported below are the results of a series of experiments designed to 
test this hypothesis. 


EXPERIMENTAL 


Methods 


The preparation of ashed bone specimens, analytical methods, and radio- 
activity procedures were the same as those reported previously (14). 


Fic. 1. The inhibition of mineral accretion in vitro by the presence of glycero- 
phosphate, 10 mg. per cent of ester P. 20 mg. specimens of fresh, defatted veal 
bone were placed in 10 ml. samples of a synthetic ultrafiltrate having the same com- 
position as the basic solution (see the text). After 24 to 72 hours agitation at 37°, 
the suspension was centrifuged, the solution aspirated for analysis, and fresh solu- 
tion added. In the graph are plotted the amounts of inorganic phosphate removed 
from the solution by the bone preparation. 


Results 


The first experiments were performed only to show gross effects. It had 
been previously demonstrated (15) that powdered bone preparations un- 
dergo mineral accretion when immersed daily in a synthetic ultrafiltrate 
of plasma. This solution, by itself, is stable for months; no precipitation 
occurs in the absence of bone. These experiments were repeated. In 
addition, a representative phosphate ester, a-glycerophosphate, was added 
to the ultrafiltrate. The results are given in Fig. 1. Clearly, the presence 
of ester inhibited the formation of a new solid phase. 

The above experiments were repeated with one modification: the ester 
was added as the calcium salt. For the most part, the additional calcium 
prevented the inhibitory action of ester phosphate as is seen in Table I. 


pore? 


It was of interest to test whether ester phosphate forms soluble, undis- — 
sociated complexes with calcium, thereby inhibiting the precipitation of — 
insoluble calcium salts. Many of the common techniques used in com- — 


plex ion studies such as polarography, spectrophotometry, electrochemistry, 
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etc., are not readily applicable to an investigation involving calcium. 
Therefore, the effect of ester phosphate on the solubility of calcium sulfate 
was examined. If complex formation occurred, the reduction in free cal- 
cium ion activity would result in a reduced amount of solid calcium sulfate 
given by a fixed concentration of sulfate ions. 
Taste I 
Effect of Added Calcium Glycerophosphate on Average Daily Mineral Accretion of Bone 
in Inorganic System 
Control | | Control 
per day'mg. per day me. per day me. per day 
Free ester... 0.65 0.22 0.81 0.33 Phosphate 
051 02 06 O24 | “ 
Calcium salt of ester 0.72) 1.18 1.60 Caleium 
"The procedures used were the same as those given in the legend to Fig.1. 
MILLIMOLES CALCIUM ADDED 
Fic. 2. The effect of added glycerophosphate on the solubility of calcium sulfate. 


@, no ester added, 2 days equilibration; 4, no ester added, 2 weeks equilibration; 
4, ester added, 2 weeks equilibration; 0, ester added, 5 weeks equilibration. O, 
ester added 2nd day after precipitation, 7 weeks equilibration. 


Varying amounts of CaCl, solution were added to a solution containing 
15 mm of sodium sulfate, both in the presence and absence of 2 mm of 
sodium a-glycerophosphate. The mixtures were adjusted to a total volume 
of 100 ml. and set aside for varying periods of time at room temperature. 
The precipitated mixtures were then filtered through small, sintered, glass 
filter sticks and the precipitates dried at 115° and weighed. The results 
are presented in Fig. 2. 

The principal effect of ester was to increase the time required for pre- 
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cipitation. When calcium sulfate was allowed to precipitate before the 
addition of ester, only small solubilizing effects were noted. These re- } 4 
sults indicate that the action of complex formation of ester on calcium ion | | 
is almost negligible. Perhaps ester phosphate delays precipitation by 
“poisoning” the nuclei on which aggregation takes place in the manner | 5 
reported for other anions (16). t 

If such a “poisoning” action were operative, it should be possible to | ¢ 
demonstrate the presence of ester phosphate in the solid phase. Analyses 
of washed calcium sulfate precipitates formed in the presence of ester phos- 
phate did indeed show the presence of small but detectable amounts of 


001 _ 10 10 
(FINAL CONCENTRATION MG% ESTER P) 

Fic. 3. The adsorption of a-glycerophosphate by powdered bone ash. 20 mg. 
specimens of glycol-ashed veal bone were shaken in 10 ml. portions of 0.025  so- 
dium bicarbonate (previously equilibrated with 1 atmosphere of 5 per cent CO) 
containing radioactive a-glycerophosphate for 29 hours at 37°. The suspensions 
were then centrifuged and the supernatant solution taken for radioactivity 
measurement. 


ester phosphate. These results, however, could be attributed to contami- 
nation. Accordingly, a more direct test was devised. 
a-Glycerophosphate containing radioactive P® was prepared (17) and 
carefully purified by the repeated addition and removal of carrier inert 
phosphate, to insure the absence of contaminating inorganic radiophos- 
phate. Solutions containing varying amounts of this ester at physiolog- 
ical pH were shaken with powdered glycol-ashed veal bone for 29 hours. | 
Preliminary experimentation established two facts: (a) equilibrium was — §& 
reached in less than 24 hours, and (6) the radioactive phosphate present _ ph 
in the ester did not undergo exchange with inorganic phosphate in solution. _ pp 
hil 
bit 
is 


The bone specimens were separated from the solutions by centrifugation 
and the amount of ester adsorbed was determined from the amount of — 
radioactivity taken up by the bone. These results are presented in Fig. 3. — 
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The results were satisfactorily described by a Freundlich isotherm (18) 
and indicate that, at physiological concentrations of ester, 0.1 to 1 mg. 
per cent of P (8), the ester is strongly adsorbed by bone. 

The experiments reported above dealt only with isolated, inorganic 
systems and do not permit generalization. As a more practical approach 
to the problem, the effect of ester phosphate on the calcification of rachitie 
cartilage slices in vitro was undertaken. 

The experimental procedure was a slightly modified version of that first 
described by Robison et al. (19). The degree of calcification of the incu- 
bated slices was estimated by the scoring method of Sobel et al. (20). 

Weanling, female, albino rats of the Wistar strain, 22 days of age, were 
maintained on a standard U.S. P. rachitogenic diet (Nutritional Biochem- 
icals Corporation, No. 2) for a period of 26 days, after which they were 
sacrificed with chloroform. ‘Two slices of approximately the same size and 
thickness were cut by free-hand section from the epiphyseal cartilage of 
each tibia. The four slices obtained from each animal in this manner 
comprised a series. One rachitic slice of each series was placed in a small 
Erlenmeyer flask containing 50 ml. of one of the four incubating solutions. 
0.4 ml. of 0.01 per cent phenol red solution was added to each incubating 
mixture (to detect gross changes in pH), and the whole was equilibrated 
with 5 per cent CO, in 95 per cent N, at atmospheric pressure. The 
flasks were then stoppered, sealed with tape, and agitated for 18 hours in 
a constant temperature room. The rachitic sections were then removed, 
washed with distilled water, and stained with 5 per cent silver nitrate, and 
the degree of calcification was evaluated by inspection. The composition 
of the four incubating solutions was as follows: Solution CP, the basic 
solution, had the following molar composition: sodium 0.115, bicarbonate 
0.022, chloride 0.094, calcium 0.0031, inorganic phosphate 0.0016, mag- 
nesium 0.0006, and citrate 0.0004. Solution CPE, the ester control, had 
the same composition as Solution CP except for the presence of a-glycer- 
ophosphate (0.125 per cent P) added as the dicaleium salt. Solution CPI, 
the mercury control, was the same as Solution CP except for the presence 
of Hg as 0.001 mw HgCh. Solution CPIE, the experimental solution, was 
the same as Solution CP except for the presence of both 0.001 mw HgCh 
and 0.125 per cent P as dicalecium a-glycerophosphate. 

The results are given in Table I]. A comparison of the results with 


Solutions CP and CPE shows that the addition of small quantities of ester 
_ phosphate enhanced calcification in normal sections (active phosphatase 


present). Comparison of Solutions CP and CPI illustrates the strong in- 
hibition of calcification by the presence of mercury. Whether this inhi- 


_ bition can be attributed entirely to the action of mercury on phosphatase 


is doubtful (21). None the less, the addition of ester phosphate to such 
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mercury-poisoned sections reduced even further the degree of calcification 
observed (Solution CPIE versus Solution CPI). In other words, ester 


Tas.e Il 
Effect of Added Calcium Glycerophosphate on Calcification® of Normal and 


Incubating solution 


cP CPE CPI CPIE 
Temperature 37° 

24 (++++) 3 (++++) L (++++) 1 (++) 

2 2 (++++) 24 (++++) 1 (+) 0 

3 2 (++++) 25 (++++) 1b (++++) 1 (++) 

4 (++++) 2) (++++) 1h (++++) 1 (+) 

5 2 (++++) 2 (++++) 1 (++) 0 

6 2 (++++) 2 (++4++) 1 (+++) 1 (+) 

7 2 (++++) 3 (++++) (++) 0 

8 | 2 (444+) | (++4+4+) 2 (+4) 3 (+444) 
9 2 (++++) 2 (++++) 1 (+++) 1 (++) 
10 (+444) 3h 2 (+4+++) (+++4++4) 
3 (+4+4++) 4 (++++) 2 (+4+++) L (++++) 
12 (+4444) 3 (++4++4+) 2 (++++) 1 (++++) 

Temperature 1° 

13 1g (++++) 2 (++++) 1 (+) 0 

14 (++4++) 2 1. (+) 0 

15 1h (++4++) 2 (+4+4++) 1 (+) 0 

16 24 (++4++4) 2) (+4+++) 0 0 

17 2 (++++) 2) (++++) 1 (+) 0 

18 2h (+4+4++4+) 2h (++4++) 1 (+) 0 

19 1k (+444) 2 (++4++) (+) 0 

20 2 (+4+++) 2 (++++) (++) l 

21 1h (++4++) 2 (+4+4++) (++) 0 

22 2 (++4++4+) 2 (+4+4++) 0 

23 2 (++++) 2 (+4+4++) 1 (++++) 0 

24 2 (++++) 2 1 (+++) 1 


(++++) (+++) 


© The degree of calcification was scored according to the method of Sobel et el. | 
(20): 0 to 4 in the longitudinal direction and 0 to ++ ++ in the transverse direc- — 
tion. The composition of the various incubating solutions and procedures are given 


in the text. 


phosphate was beneficial in sections containing active phosphatase but | 


harmful in those containing inactivated phosphatase. 
While the results given in Table II were reasonably consistent, occasional 


aberrant values were obtained. An experiment was performed to deter- | 
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mine whether this variability could be attributed to occasional incomplete 
inactivation of phosphatase by mercury. One group of slices of rachitic 
tibia served as a control and was placed in isotonic saline for 2 hours. 
A second group of slices was placed in isotonic saline containing | m.eq. 
of Hg** per liter as HgCl, for 2 hours. All slices were then washed in 
saline and placed in individual 5 ml. portions of 0.001 m phenolphthalein 
phosphate solution in veronal buffer for 2 hours. Immediately after the 
addition of 5 ml. of glycine buffer, the color intensity, which is proportional 
to the phosphatase activity, was determined by means of a colorimeter. 
The reagents were those described by Huggins and Talalay (22). The 


Inconsistent Inhibition of Phosphatase in Rachitie Cartilage Slices by Mercury 


Phosphatase activity® 


Control Hg-treated 


| 3.6 1.0 
3.6 


owe 
to 


8 * Activity is expressed as mg. of phenolphthalein phosphate liberated per liter 
per hour. Values less than 1 mg. are of doubtful significance and are indicated by 
a dash. 


results are given in Table III and indicate that mercury consistently in- 
hibited phosphatase activity, but did not completely inactivate the en- 
zyme in all cases. 


DISCUSSION 
The results reported above clearly show that ester phosphate is strongly 


_ adsorbed by bone ash. Further, the presence of such adsorbed ester 


inhibits the accretion of additional mineral both in isolated inorganic 


systems and in calcifying slices of rachitic cartilage taken from rat tibia. 


In the latter instance, these effects were noted with very low physiological 
concentrations of ester, 0.125 mg. per cent of ester P. 
Since ester phosphate showed little ability for complex formation with 


- calcium ions in solution, the mechanism seems to involve the interference 
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of the adsorbed ester, with the subsequent addition of ions to preformed 
crystal surfaces. This mechanism is not at all unreasonable. It seems 
unlikely that a solid lattice structure such as that found in bone mineral 
can be formed by the simultaneous collision of from 5 to 18 ions, all with 
the correct energies. The stepwise addition of ions to a preformed sur- 
face would be much more feasible. In such a case, the presence of an 
adsorbed organic radical could easily block further addition of ions. 

These data offer support for the hypothesis that at least part of the func- 
tion of phosphatase in sites of active calcification is to remove the inhibit- 
ing influence of ester phosphate at these sites. It is difficult, however, to 
evaluate critically the importance of this phenomenon under the conditions 
obtaining in vivo for two reasons: (a) The results obtained with the system 
calcium sulfate-ester phosphate indicated that the process was merely a 
“delayed” rate in the attainment of final equilibrium. What this could 
mean in terms of the dynamic conditions in vivo cannot be stated at present. 
(b) These studies were performed with one representative ester, a-glycero- 
phosphate. It remains to be established whether all such physiological 
phosphate esters behave similarly. 


SUMMARY 


Experiments were performed to test the notion that ester phosphate is 
inhibitory to calcification in the absence of active phosphatase. It was 
shown that ester phosphate is strongly adsorbed by bone mineral and that 
such adsorbed ester inhibits the accretion of additional mineral both in 
isolated inorganic systems and in calcifying slices of rachitic cartilage 
taken from rat tibia. The significance of these results is discussed. 


The authors gratefully acknowledge the assistance of M. W. Cucci in 
the preparation of the radioactive a-glycerophosphate. 
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Recent studies (1, 2) of the interaction between bone mineral and phos- 
phate buffers containing radioactive P® have indicated that the transfer 
of labeled phosphate from the solution to the solid phase involves at least 
two mechanisms. The first reaction is relatively rapid, temperature-insen- 
sitive, and reversible and is adequately described as an isoionic exchange 
involving the exchange of labeled phosphate ions from solution with the 
unlabeled phosphate groups located in the surfaces of the mineral crystals 
(1). Another process of isotope fixation has been described which is rela- 
tively slow, temperature-sensitive, irreversible (at least in the time inter- 
vals studied), and appears to involve the bulk of the phosphate in the 
crystal; 7.e., it is not a surface-limited reaction (2). It was suggested that 
this process can be considered the result of recrystallization (2). How- 
ever, the data were not adequate to exclude other interpretations. 

For example, Kolthoff et al. (3-5) obtained somewhat similar results 
in studying the exchange of radiochloride in solution with freshly prepared 
silver chloride precipitates. They concluded that chloride ion entered the 
crystal interior by “thermal aging.’”’ More recently, the energy of ac- 
tivation of the “diffusion” of chloride through the silver chloride lattice 
has been determined (6). Such a diffusion process could adequately ex- 
plain the slow fixation of radiophosphate by bone mineral. 

To differentiate between these two mechanisms, diffusion and recrys- 
tallization, the bone mineral-radiophosphate buffer system has been re- 
investigated. In particular, it has been found that the presence of a 
water phase is necessary for the slow incorporation of radiophosphate by 
the bone crystals. This suggests that recrystallization rather than dif- 
fusion is the principal mechanism involved. 

Methods 

Bone specimens were prepared and phosphate exchange was determined 

as reported previously (7) by an equilibration in vitro of powdered, fresh, 


* This paper is based on work performed under contract with the United States 
Atomic Energy Commission at The University of Rochester Atomic Energy Project, 
Rochester, New York. 
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defatted bone with phosphate buffer containing P® at pH 7.3. Phos- 
phorus was determined by the method of Fiske and Subbarow (8). 


Results 


Failure of Bone to Incorporate Radiophosphate in Dry State—The ex- 
perimental approach involved the preparation of a surface-labeled bone 
sample by a short term exposure to radioactive buffer. This labeled bone 
specimen was then dried thoroughly and, at varying time intervals there- 
after, samples were subjected to desorption by exposure to non-radioactive 
buffer. Had the radiophosphate, initially residing in the mineral surfaces, 
penetrated to the crystal interior, there would be observed a sharp de- 
crease in the amount of activity desorbed. 


| 
Lack of Incorporation of Radiophosphate by Dry Bone 


Per cent radioactivity not in crystal surfaces 
Days of 
Qdeys | Sdays 12 days 16 days 
0.1 50 52 53 51 52+ 1.9 
6 53 52 55 5A 53 + 1.4 
12 51 51 54 51 52 + 1.6 
18 53 53 56 544+ 1.5 


* Variation is expressed as the standard deviation. 


A 5 gm. sample of fresh, defatted veal bone with a particle size of 60-120 
mesh was shaken at 37° with 2.5 liters of 0.0025 m phosphate buffer at pH 
7.3 for a period of 6 days. 0.2 ml. of an intensely radioactive sample 
of P® was then added. This did not appreciably alter the volume, pH, 
or phosphate concentration. 48 hours later, the powdered bone was sepa- 
rated by centrifugation. The final step involved centrifuging the entire 
bone sample collected on a sintered glass funnel (15 minutes at 2000 r.p.m., 
International size 2 centrifuge) to remove all mechanically held buffer. 
The sample was then dried at 115° for 2 hours, and, after a small specimen 
had been taken for radioactivity assay, the remainder was divided into 
four portions for further study. 

After standing in a desiccator at room temperature for a specified time 
(see Table I), each of the four portions was divided into duplicate 20 mg. 
samples and placed in 10 ml. of non-radioactive 0.0025 m phosphate buffer 
at 37° at pH 7.3 for varying periods. The percentage of the radiophos- 
phate initially in the mineral surfaces which was incorporated into the 
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interior of the crystals was calculated.' These values have been assembled 
in Table I. 

There were no significant differences with respect to time of desorption. 
Further, very little, if any, incorporation of the isotope took place in the 
absence of a water phase. 

Confirmation of Penetration of Bone Crystals by Radiophosphate in Pres- 
ence of Aqueous Phase—It remained to be established that the particular 
bone preparation studied in the previous section would show the slow 
incorporation of radiophosphate in the presence of water. 

Two 750 mg. samples of the powdered bone were shaken at 37° with 
375 ml. each of 0.0025 m phosphate buffer at pH 7.3 for a period of 6 days. 
To each mixture, 0.1 ml. of an intensely radioactive sample of P® was 
then added. 2 days later one bone sample was separated by centrifuga- 
tion as described above. The remaining sample was left in contact with 


TaBLe II 
Incorporation of Radiophosphate by Bone in Aqueous Medium 


Per cent radioactivity not in crystal surfaces 
Days in radioactive buffer Desorption for 
4 days | 8 days 12 days 
2 37 | 41 33 
20 58 | 56 56 


the radioactive buffer for a total of 20 days before centrifugation. Each 
sample was then divided into duplicate aliquots (equivalent to 20 mg. of 


‘There are several ways in which the results might be expressed. Previously 
(2), a term “‘per cent exchangeable P’’ was employed. This term, however, was 
based on equilibrium considerations and is not valid in the present experiments in 
which some of the radiophosphate is not taking part in the exchange. The simplest 
case, “per cent radioactivity desorbed,’’ does not permit comparisons between sam- 
ples because small changes in the phosphate concentration of the buffer markedly 
affect these values. Accordingly, the “‘per cent activity not in crystal surfaces” 
has been calculated by the following relation: per cent activity not in crystal sur- 
faces = 100 — (AB/C + B), where A = mg. of surface phosphate in bone, B = 
per cent activity desorbed by the buffer, C = mg. of phosphate in solution. Two 
assumptions are implicit in this derivation: (a) that the specific activity of the sur- 
face phosphate of the bone is equal to the specific activity of the solution phosphate, 
and (b) that the surface contains 8.6 per cent (2) of the total phosphate in the bone. 
Assumption (a) is based on previous experience when it was shown that the ex- 
change between solution and bone surface is complete in 8 hours (1). (6) is de- 
pendent on the accuracy of a previous determination (2) on this same bone 
specimen. Even if this estimate is in error, it would contribute a constant error to 
all values and can in no way prejudice the results. 
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dry bone) and placed in inert, 0.0025 m phosphate buffer for varying] exp 
periods. As before, the percentage of the radiophosphate which was not | min 
desorbed was calculated. hh 

The results are presented in Table II. As expected, the sample left | be « 
in contact with radioactive buffer showed a decrease in the amount of } ion 
radioactivity desorbed. latt 

Effect of Hydration Layer—Evidence is accumulating? that the mineral F 
crystals of bone are surrounded by a hydration layer, the state of which | app 
has an important bearing on the ability of the preparation to undergo | pho 
exchange reactions. The experiments reported above afforded an oppor- | talli 
tunity to demonstrate this relationship between the state of hydration | othe 
and the exchangeable phosphate fraction of the bone crystals. ery: 

Aliquots of the two bone samples of the preceding experiment were A 
used in this study. The experimental procedure was repeated except that | tan! 


Taste III occ 
Effect of Hydration Layer on Exchange seer 
Experimental | Undried controls 
2 | 42 + 5.1 38 + 4.3 | 0.09 pho 
20 | 63 + 4.3 57 + 2.1 | 0.01 ~~ 
* Variation is expressed as the standard deviation. recr 
ion 


both aliquots, after exposure to radioactive buffer, were dried at 115° for 
2 hours prior to desorption in inert buffer. 
The results are presented in Table III. For purposes of comparison, the |, 


averaged results obtained with the undried specimens are also tabulated. : 
Clearly, the drying procedure increased the fraction of radiophosphate | 2. N 
which remained fixed in the bone. In other terms, the reversibility of the | 3 K 
system was markedly reduced by a temporary removal of the hydration : - 
layer. 6S 
7. N 


DISCUSSION 


Although it has been established that chloride ion is capable of diffusing | °: 
through the crystalline lattice of freshly prepared silver chloride precipi- 
tates (4, 5), it was observed that with aged silver chloride precipitates 
radiochloride from the buffer underwent an exchange reaction only with 
the chloride located in the surfaces of the crystal. Since it is virtually 
impossible to obtain from animal sources a pure sample of freshly de- 
posited bone mineral, it was to be expected that one could not demonstrate 


* Neuman, W. F., Toribara, T. Y., and Mulryan, B. J., unpublished observations. 
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experimentally the diffusion of labeled phosphate into the interior of the 
mineral crystals taken from bone. 

In addition, a polyvalent, polyatomic grouping such as phosphate may 
be expected to diffuse much more slowly than a monovalent, monoatomic 
ion such as chloride ion. The space-charge limitations of a crystalline 
lattice serve only to magnify this difference. 

From these considerations, the results obtained in the present studies 
appear reasonable. The major part of the slow incorporation of radio- 
phosphate by the bulk of the bone mineral may be attributed to recrys- 
tallization. However, these findings do not eliminate the possibility that 
other ions, fluoride or hydroxyl ions, for example, may enter the mineral 
erystals by a diffusion process. 

Although the state of hydration of the crystals is undoubtedly impor- 
tant in determining the rate and degree to which exchange reactions may 
occur, so little data are available that even speculation as to its significance 
seems unwarranted at this time. 


SUMMARY 


The interaction between powdered bone and radiophosphate buffer has 
been reinvestigated. It was found that the slow incorporation of labeled 
phosphate by the bone mineral requires the presence of an aqueous phase. 
It may be concluded that this slow reaction is primarily the result of a 
recrystallization process rather than a simple diffusion of the phosphate 
ion through the crystal lattice. 
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THE SURFACE CHEMISTRY OF BONE* 
V. THE ION-BINDING PROPERTIES OF CARTILAGE 


By E. 8. BOYD anp W. F. NEUMAN 


(From the Division of Pharmacology and Toricology, Department of Radiation 
Biology, School of Medicine and Dentistry, The University of Rochester, 
Rochester, New York) 


(Received for publication, July 5, 1951) 


It has been shown by Freudenburg and Gyérgy that dried preparations 
of cartilage can take up certain cations from solution (1), and that in the 
case of calcium and magnesium this reaction can be followed by a similar 
reaction involving phosphate (2). On the other hand, it has been claimed 
by Roche and Deltour (3) that cartilage first binds phosphate and that 
this may be followed by a binding of calcium. 

The present investigation was undertaken to clarify this situation and 
to establish the type of reaction involved. 


EXPERIMENTAL 


Preparation of Cartilage—Veal costal cartilage with no apparent vas- 
cularity was cleaned of other tissue, cut into § inch cubes, dried 1 hour 
at 90°, and ground to particles of 40 to 100 mesh. This was treated in a 
column with 3 per cent ammonium Sequestrene' at pH 7.3 until the cal- 
cium content was less than 2.56 X 10-* m.eq. per gm. of dry cartilage. 
This material will be referred to as Preparation A. Part of this was ex- 
tracted with 4 30 per cent potassium chloride-1 per cent potassium car- 
bonate solution as described by Einbinder and Schubert (4) in order to 
reduce the chondroitin sulfate content. The residue from this extraction 
will be referred to as Preparation B. 

Methods—In acid solutions of cartilage, which was ashed by drying, 
phosphate was determined by the method of Fiske and Subbarow (5) and 
calcium by the method of Roe and Kahn (6). Sodium was analyzed by 
dry ashing the material, adding 3 drops of 10 x H.SO,, evaporating to dry- 
ness, and weighing the residue. Barium was determined in the same way 
as sodium or by dry ashing the material, fusing with sodium carbonate, 
dissolving in 2 N HCI, precipitating barium chromate, and analyzing gravi- 

* This paper is based on work performed under contract with the United States 
Atomic Energy Commission at The University of Rochester Atomic Energy Project, 


Rochester, New York. 
' Prepared by neutralizing a solution of Sequestrene AA (Alrose Chemical Com. 


pany, Providence, Rhode Island) with ¢.p. ammonium hydroxide. 
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metrically. Sulfate was determined by dissolving the cartilage in hot con- 
centrated nitric acid or refluxing it for 4 hours with 2 nN HCl. Barium 
sulfate was precipitated from the resulting solutions and weighed. The 
two methods gave comparable results. Radioactive Ca** was measured 
with a thin, mica window Geiger tube and a standard scaling circuit. 
Evenly distributed, dried samples for counting were obtained from Ca* 
solution by the addition of 1 drop of 3 per cent methyl cellulose to | ce. 
of the solution before drying. Corrections for self-absorption of the weak 
8 emission of Ca** were made by the preparation of suitable control sam- 
ples. Sufficient counts were taken to make the counting error less than 
1 per cent. 


Cation-Binding Capacity, Sulfate and Phosphate Content of Demineralized Cartilage 


| lon content, m.eq. per gm. dry cartilage 


Cartilage 
Preparation A Preparation B 
| kd | Mean | bt | Mean 
wis 9 1.01 + 0.08 | s 0.62 + 0.12 
“ (low 4 1.01 + 0.05 
ee 4 0.99 + 0.05 | 
Na. . | 6 0.98 + 0.08 
Sulfate. | § 1.02 + 0.02 4 0.58 + 0.01 
Phosphate. | 0.025 


lon-Binding Capacity of Cartilage—Several 100 mg. samples of Prepara- 
tion A were treated in a column with either 1 N CaCl, | ~ BaCh, or | x 
NaCl at a rate of about 30 ml. per hour for periods ranging from } to 24 
hours. The samples were then washed and analyzed for the ion in ques- 
tion. ‘Two samples were first saturated with calcium and then treated 
with 1 x BaCh. Barium analyses by the sodium carbonate fusion method 
showed no appreciable difference from those samples not previously treated 
with calcium chloride. Although most of the samples varied considerably, 
as much as 10 per cent in the calcium analyses, there was no correlation 
between the capacity of the cartilage, that is, the maximum quantity of 
cations held per gm. of cartilage, and the duration of treatment. Samples 
were also treated with 1 x CaCh, pH 4.6, the effluent varying from pH 
4.9to 5.3. The capacity of Preparation B was determined with 1 x CaCh, 
and the sulfate contents of Preparations A and B were determined. The 
capacities and sulfate contents are given in Table I. 


Phosphate Binding Following Calcium Binding—Cartilage of Prepara- 
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tion A was shaken with 0.1 x CaChk until an equilibrium distribution 
between solid and solution was reached as shown by the analysis of small 
samples of cartilage removed from the main batch. It was then shaken 
with 0.2 N Na;gHPO,-KH,PO, buffer, pH 7.2, until equilibrium was reached. 
This procedure was repeated once. The ratio of solid to solution was 
maintained at 100 cc. of solution to 1 gm. of cartilage throughout the ex- 
periment. The calcium and phosphate contents of the cartilage are given 
in Table II. 

Samples of Preparation A were treated in a column with the phosphate 
buffer for 6 and 18 hours. There was no increase in the phosphate con- 


Taste II 


Results of Alternate Calcium and Phosphate Treatment 
of Demineralized Cartilage 


Pretreatment Solution used Ca* 
| 
None CaCl, | | 0.26 
| | @ 18 
CaCl,  PO,buffer 16 6.9 
| |} 8.2 
| 40 16 8.0 
CaCl, followed by phosphate buffer = CaCl, 21 a | 8.0 
| 23 Si 
CaCl, PO, buffer followed by CaCl, PO,buffer 40 36 «(19 
| 53 | 20 
| 101 69 | 39 


* Expressed as mg. per gm. of dry cartilage. 


tent of the cartilage. One sample was equilibrated with a synthetic plasma 
ultrafiltrate (7) for 49 hours. Analysis showed half saturation with cal- 
cium but no change in the phosphate content. 

Distribution Coefficient of Reaction—The distribution coefficient, K 4, of 
an ion exchange reaction involving a radioactive ion in which counts are 
proportional to mass may be defined as follows (8): 


counts in solid volume of solution 
counts in solution mass of solid 


(1) 


It is thus possible to test a material for ion exchange properties by chang- 
ing either the volume of solution or the mass of material used and deter- 
mining the Ky. In the following experiment a 0.01 m veronal buffer, pH 
7.2, containing carrier-free radioactive Ca** and enough sodium chloride 
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to make the ionic strength equal to 0.16, approximately that of mam- 
malian blood, was used. Several 10 cc. aliquots of this solution were 
equilibrated with amounts of sodium-saturated cartilage of Preparation A 
varying from 30 to 1000 mg. The solution was counted before and after 
the experiment, the counts in the solid being determined by difference. 
In all but the 30 and 1000 mg. samples the ratio of counts in solid to 
counts in solution was within the range 0.6 to 1.7. A change in pH during 
equilibration was observed. It was later shown to be toward a pH of 
about 5.4, regardless of whether the initial pH was above or below this 
value. A similar phenomenon was observed by Freudenburg and Gyérgy 
(9). It is probably due to the buffering action of the protein in the car- 
tilage. The K4 values obtained are given in Table III. 


Il 
Constancy of Kg with Varying Mass of Cartilage 
Weight of cartilage Ka Final pH 

30 5.1 xX 10° 7.15 
100 5.9 xX 10° 6.98 
150 5.5 x lO” 6.65 
200 5.6 X 10° 6.45 
250 5.2 x 10" 6.18 
300 5.6 lO” 6.02 
1000 4.7 xX lo" 5.58 


Another group of samples was equilibrated with solutions essentially 
the same as previously except that they varied in pH. The mass of car- 
tilage used was adjusted so that the final ratio of counts in solid to counts 
in solution was always within the range 0.5 to 1.5. The values of Ky 
obtained are plotted against the final pH in Fig. 1. 

The reaction involved in the exchange may be assumed to be 


(2) Ca*t* + 2Nak = CaR,; + 2Nat 


where R refers to the cartilage. If radioactive carrier-free Ca“ is used 
and it is assumed that mole fraction is proportional to activity and that 
the amount of calcium-cartilage complex present at equilibrium is much 
less than the amount of sodium-cartilage complex present, considerations 
of mass action allow the derivation of the equation (10) 


Cos** nan 


where N is the number of moles, + is the activity coefficient, and C repre- 
sents concentration in moles per liter. 


(3) K’. 
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Counts in solid Near: Near 
Counts in solution Nest+ 


where V is the volume of solution, Equation 1 may be written 


Neam 
Ka Co,++M 


(5) 
where M is the mass of solid, or 


Near 
(6) = K,-M 
If this is substituted in Equation 3, the following expression is found. 
M 
(7) K a Ka 


Since the final factor is the molecular weight and is constant, it may be 
incorporated into the equilibrium constant. 


The assumed exchange reaction may thus be tested by determining the 
constancy of K”, at various sodium concentrations. 

The above derivation involves the assumption that the activity coef- 
ficient of an ion in a solution of other ions is the same as if the total ionic 
strength were due to the ion in question. This is usually assumed to be 
true and has been demonstrated experimentally in solutions containing 
relatively high concentrations of the ions involved. Thus, the activity 
coefficient of the calcium chloride in Equation (8) was calculated by using 
the concentration of sodium chloride. There are, however, indications 
that this assumption is not valid for an ion in very low concentration such 
as a carrier-free, radioactive tracer in which the bulk of the ionie strength 
is made up by other ions (10). Feldman and Havill? have shown that the 
activity coefficient of beryllium ions is constant when the concentration 
is varied from 10-* to 10~* m and the ionic strength changes from 0.1 to 
0.4. If the activity coefficient of the radioactive calcium in Equation 8 
is considered constant, the equation may be written® 


(8) = Ky 


(10) 


* Feldman, I., and Havill, J., unpublished data. 
* Equation 8 may be written as follows: K", = Ka: (yeu ver) (Equa- 
tion 9). Since = and YK* then = If this is sub- 
stituted in Equation 9 and the activity coefficient of calcium is incorporated in the 


equilibrium constant, Equation 10 is obtained. 
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Five samples of sodium-saturated cartilage of Preparation A were equili- 
brated with solutions similar to those used previously except that the 
sodium concentration varied from 0.129 to 0.269 m. The ratio of counts 


Tasie IV 
Equilibrium Constants at Various Sodium Concentrations 


Sodium concentration | Ka | 
0.129 8.5 10° 2.3 xX 10? 8.3 X 
0.142 6.7 10° 2.2 x 10° 7.8 X 
0.161 5.6 xX 10° 2.5 xX 8.4 xX 10° 
0.183 4.4 xX 10° 2.5 x 10" | 8.4 
0.269 2.7 X lo" 3.5 lo”? 10.5 
6 « -1 1.5 
a 0 
3 
4 ¢1 « 1.0 
if 
8 
24 
6490.5 
lif 
3 5 6 & 9 


pa 
Fic. 1. Variation of Ky and ionic mobility with pH. Titration of protein com- 
ponent of cartilage, 


in solid to counts in solution was kept within the range 0.9 to 1.4 by vary- 
ing the mass of cartilage used. The Ky values obtained and the cal- 
culated A”, and A’, values are given in Table IV. 

An extract of Preparation A was made by boiling | gm. of the material 
with 100 cc. of water for } hour. It was titrated with | nN NaOH. The 


titration curve, together with a plot of ion mobilities of cartilage protein 
as determined electrophoretically by Partridge (11), is shown in Fig. 1. — 


> 


“Ee & 


S 


| 
its 
= 


BT 


w 


E. 8. BOYD AND W. F. NEUMAN 249 


DISCUSSION 


The equivalent capacity of the cartilage for sodium, calcium, and bar- 
jum, as shown in Table I, indicates that the mechanism involved is the 
same in each case and that it may be regarded as a stoichiometric chemical 
reaction. Although protein carboxyl groups have been shown to bind 
cations (12) and could conceivably account for the total binding capacity 
of the cartilage, the close correlation between binding capacity and sul- 
fate content in both preparations implicates chondroitin sulfate as the 
principal binding agent. Since the sulfate is present as ester sulfate, it 
ean account for only one-half of the total capacity. However, chondroitin 
sulfate contains sulfate and glucuronate moieties in a 1:1 ratio. As glu- 
euronic acid has a dissociation constant of 4.65 X 10-* (13), it could ac- 
count for the other half of the capacity at pH values above 3.5. 

The above experiments show no binding of phosphate unless the car- 
tilage contains appreciable amounts of calcium, in which case phosphate 
is taken up by the cartilage until the Ca:P ratio is approximately that of 
hydroxyapatite. If the cartilage is again treated with calcium and phos- 
phate, an additional binding of calcium and then of phosphate is possible. 
This can be explained on the assumption that the bound calcium ionizes 
into the solution in sufficient quantities to cause local precipitation of 
calcium phosphate when the cartilage is placed in phosphate solution. 
In support of this, microscopic examination of caleium- and phosphate- 
treated cartilage, stained with silver nitrate, showed numcrous, small de- 
posits of calcium phosphate in the material. These were not observable 
in the original preparation. As the precipitate forms, the cartilage again 
becomes capable of binding calcium. The existence and extent of this 
process in vivo are a matter of speculation. However, it is pertinent that 
this particular preparation of cartilage, when exposed to a synthetic ultra- 
filtrate of plasma, became only half saturated with respect to caletum and 
bound no detectable phosphate. 

The experiments of Freudenburg and Gyérgy and those of Roche were 
performed on partially mineralized cartilage. Thus there are two possible 
explanations of their conflicting results. First, partly mineralized car- 
tilage may take up either calcium or phosphate from solution depending 
on the stage of minerahzation, as shown in Table I]. Second, when a large 
amount of the mineral is present, it is well established that the mineral 
itself may adsorb ions (14-19). The latter explanation probably applies 
to the phosphate adsorption demonstrated by Roche. 

The distribution coefficient for the binding of calcium by cartilage is 
reasonably constant with a 30-fold change in mass. It does, however, 
vary considerably with changes in pH, giving a curve roughly similar to 
a titration curve of the denatured protein or to a plot of the ionic mobility 
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of the native protein against pH. Since these last two depend on the 
electronic configuration of the protein, the variation of A 4 with pH might 
be explained as changes in the ability of the protein to bind calcium. On 
the other hand, Partridge has demonstrated the formation of a complex 
between chondroitin sulfate and native cartilaginous protein at pH values 
above the isoelectric point of the protein (11). If this is electrostatic in 
nature, that is, between residual positive charges on the protein and nega- 
tive charges on the chondroitin sulfate, the amount of protein-chondroitin 
sulfate complex present would be expected to decrease with increasing pH. 
Since the protein and the calcium could be considered as competing for 
sites on the chondroitin sulfate, the decrease in protein-chondroitin sul- 
fate complex would allow an increased binding of calcium and thus account 
for the variation of K4 with pH. 

The fact that the AK’, values are more nearly constant than those of 
Kk", seems to justify the assumption that the activity coefficient of calcium 
is independent of ionic strength at the concentrations used. From the 
values of K 4 with varying masses of cartilage and the values of K’”’, with 
a 3-fold change in K4 it seems evident that the binding of cations by car- 
tilage is an ion exchange reaction. 


The authors wish to acknowledge many helpful discussions with Dr. 1 
Feldman regarding theoretical aspects of the exchange studies. 


SUMMARY 


Veal costal cartilage showed equal binding capacities for sodium, cal- 
cium, and barium. This capacity correlated closely with the sulfate con- 
tent, indicating that chondroitin sulfate was responsible for the major 
portion of the binding. Phosphate was taken up from solution only by 
cartilage containing appreciable amounts of caletum. The binding of eal- 
cium by cartilage was shown to be an ion exchange reaction. 
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STUDIES ON THE CONVERSION OF ACETATE, LACTATE, AND 
MALONATE TO SUCCINATE IN THE INTACT RAT* 


By JUI SHUAN LEE ann NATHAN LIFSON 


(From the Department of Physiology, University of Minnesota Medical School, 
Minneapolis, Minnesota) 


(Received for publication, May 17, 1951) 


This investigation, preliminary reports on parts of which have previously 
appeared (1, 2), presents data on the conversion in the intact rat of the 
labeled carbon of the following compounds to succinate: NaHC*O,, 
CH,C*OOH, C*H,C*OOH, CH;CHOHC*OOH, and C*H,C*HOHCOOH. 
All the animals were injected with malonate to augment the urinary 
excretion of succinate (3). The latter was isolated from the urine and 
degraded to determine the distribution of isotope in the succinate molecule. 
The conversion of carboxyl-labeled malonate to succinate was also studied. 

Information on the precursors of succinate in the intact animal or in 
relatively intact organs is meager (4). In the perfused hind limb of the 
rabbit, pyruvate administration has been reported to produce succinate 
accumulation (5). The administration of malonate, presumably because 
of its inhibition of succinic dehydrogenase, causes an excretion not only 
of succinate but also of a-ketoglutarate and citrate (3, 6, 7), compounds 
which, according to the Krebs cycle, should be precursors of succinate 
proximal to the metabolic block. 


Methods 
Preparation of Labeled Compounds 


NaHCO ; was prepared from BaC'™O, by acidification with 6 HCl 
in an evacuated system, the evolved CO, being collected in | N NaOH. 
The alkali was diluted and adjusted to pH 8.4 with dilute HCl. The 
total CO, concentration was 0.13 mM as determined by the Van Slyke 
manometric apparatus. 

CH,C™OOH was synthesized by the method of Sakami ef al. (8); 
C’H,C00H by a procedure (9) based on a modification of the method of 
Cramer and Kistiakowsky (10). Purity of these acids was checked by 
determination of neutralization equivalents, total carbon, and partition co- 
efficients (11). All agreed satisfactorily with theoretical values. Racemic 
CH,CHOHC*“O0OH and C“H;C“HOHCOOH were prepared by the method 
of Sakami ef al. (8). CSOOHCH.CH.C“'00H was synthesized by acid 

* This work was supported in part by a grant from the American Cancer Society 
on recommendation of the Committee on Growth of the National Research Council. 
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hydrolysis of labeled succinonitrile, prepared according to the procedure 
of Fauconnier (12) as follows: A solution of 12 gm. of ethylene bro 
mide in 13 ml. of absolute ethanol was heated to boiling and a concen. 
trated aqueous solution of labeled KCN (4 gm. in 5 ml. of water) was added 
dropwise with shaking. Heating was continued for 2 hours. The lig- 
uid was decanted from the crystals which separate. The alcoho! and 
water were removed by evaporation ona water bath. To the residue were 
added 50 ml. of 12 Nn HCl and the mixture was refluxed for 10 minutes. 
HCl was removed by heating at about 100° with aeration. The succinic 
acid was then purified as its silver compound and the free acid recovered 
by ether extraction. Color was removed by charcoal. The melting point 
of the synthetic succinic acid was 183-185° (uncorrected), the same as 
that of an authentic sample similarly treated, and the mixed melting point 
showed no depression. Total carbon and acid value checked satisfactorily 
with those for dry weight. C™"OQOHCH,C"OOH was prepared according 
to the procedure of Calvin et al. (13). The acids were administered as 
solutions of their sodium salts, made just colorless to phenolphthalein. 
General Experimental Procedure 

The procedure will be described for the experiments with labeled acetate 
and the modifications involved when the other labeled compounds were 
employed will be indicated. Dosage is given in terms of 100 gm. of 
body weight. 

Rats weighing 100 to 200 gm., raised on fox chow, were used. After 
a fast of about 24 hours, the animals were injected subcutaneously with 
2 ml. of 0.5 mM sodium malonate, and then were immediately fed by stom- 
ach tube a solution containing about | mM of labeled acetate. In some 
instances the acetate administration was repeated twice at 8 hour inter- 
vals. The animals were kept in a cage supported on a large funnel for 
collecting the urine. A wire screen of fine mesh retained the feces, which 
were scanty or absent. The funnel discharged into a tube containing at 
least 3 ml. of 20 per cent sulfuric acid for each 20 ml. of urine. In those 
experiments in which three to six animals were used, the urine samples 
were pooled. The urinary collection periods were of 9 hours except in 
certain experiments in which the period was 24 hours. 

The experiments with lactate were carried out in a similar manner. In 
the experiments with NaHC"™O,; normal acetate replaced the labeled 
acetate and 2 ml. of 0.13 m NaHCO, were injected intraperitoneally at 
hourly intervals for a total of eight injections. In studies with labeled 
malonate, the isotopic compound was substituted for the normal one and 
2 ml. of water were administered by stomach tube. 


Respiratory CO, samples were collected (14) from one or three animals 
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of each experiment. There were usually three to six collection periods 
of 15 to 30 minutes each at various intervals. 

C™ was determined by means of the mass spectrometer. 

Isolation of Succinic Acid 

The procedure for isolation of succinic acid was essentially that of Wood 
eal. (15). The urine was neutralized with NaOH, and sodium bisulfite 
was added to a final concentration of about 5 per cent. The solution was 
reacidified to Congo red and extracted with ethyl ether for 48 hours. The 
extract was mixed with a few ml. of water, the ether was evaporated, 
and the acid was titrated with NaOH. This and subsequent titrations 
were performed to follow the yield of acids during the isolation procedure. 
The extract was acidified with sulfuric acid and reextracted with ether in 
the presence of bisulfite. As a result of these two extractions only about 
1 per cent of the keto acids was transferred into the ether phase. The 
ether extract was mixed with water and evaporated and the residue was 
titrated. The aqueous solution was reduced in volume, acidified with 
H.SO,, and distilled with steam to remove volatile acids. 

The residue from the steam distillation was then subjected to oxidation 
by permanganate in an acid medium according to the method of Friede- 
mann and Graeser (16). Suecinic acid was relatively stable to this reagent 
under the present conditions, compared with other dicarboxylic acids, 
including fumaric, malic, citric, and malonie acids. 

The residue of the permanganate oxidation was extracted with ether. 
The ether extract was mixed with a few ml. of water and evaporated. 
The succinic acid was purified by precipitation as the silver salt at pH 5, 
two to three precipitations being carried out. The silver succinate was 
then dissolved in dilute sulfuric acid and extracted with ether. The free 
succinic acid was treated with charcoal and dried at 110° for 6 to 12 hours. 
The melting point of most of the samples isolated from rat urine, which 
ranged from 183-185° (uncorrected), was similar to that of authentic 
succinic acid and synthetic labeled succinic acid treated in the same man- 
ner (Ag precipitates). Mixed melting points were determined on some 
of the samples and no depression was observed. The acid value and dry 
weight agreed satisfactorily. 

After precipitation with silver, the samples from Experiments 6 to 9 
were dissolved in water and heated in a sealed tube to 120° for at least 6 
hours to decarboxylate contaminating malonate. The sample was then 
distilled with steam to eliminate any resulting acetic acid. 

Table I presents the yields of the various fractions of urinary ether- 
soluble acids. Unless malonate was administered, fasted rats or those 
fed with acetate excreted relatively small amounts of ether-soluble acid 
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and only traces of succinic acid in the urine in 24 hours. If malonate was 
injected subcutaneously in the dosage of 1 mm per 100 gm. of body weight, 
the urinary excretion of total acid and succinic acid was greatly aug. 
mented. Malonate-treated animals (1 mm per 100 gm.) excreted 1.4] 
to 1.79 m.eq. of acid per 100 gm. of body weight. Of this total, 0.05 to 
0.33 m.eq. was accounted for in the keto acid fraction, 0.02 to 0.06 m.eq. 
in the volatile acid fraction, and 0.5 to 1.21 m.eq. as KMnQ,-oxidizable 


TaB.e 


Ether-Soluble Acids from Rat Urine after Malonate Injection and Acetate 
Feeding 


| | Ether-soluble urinary acids, m.eq. per 100 gm. 
Rat No. and sex weight injected _— fed 


Total Keto Volatile succinic Sum of 
acids acids acids spieacids 2¢id fractions 


100 gm. gm. 

IS 9 250) 0 0 0.12 

20 9 280 ) | 0.23 

22 9 250) 0 0.17 

19 245 1.0 0 

55-61 9 923 10) 1.5 0.02 050 O14 

1 200 1.0 1.1 159 0.05 0.05 1.21 0.05 
29 170 1.0 3.3 159 0.13 0.05 1.07 0.09 1.34 
3-8 9 793 1.0 3.3 LH 024 0.06 O79 0.05 1.4 
99 250 20 3.3 3.40° | 

10-14 869 1.0 1.1 177 0.30 OOF 1.05 0.06 1.4 
15-17 545 1.0 11* 1.79 033 005 O86 1.23 
21 9 270 1.0 1.7 1.78 | 
32-38 9 1000 1.0 10f 1.45 0.12 0.05 O85 0.065 1.11 


* Labeled bicarbonate also administered. 
t Labeled lactate administered in this experiment. 


fraction. Only 0.04 to 0.14 m.eq. of succinic acid was isolated per 100 
gm. of rat. However, this is not a quantitative yield because of loss in 
the process of isolation. As is shown in Table I, the sum of individual 
fractions was appreciably less than the acid value for the total ether- 
soluble acids, and the loss of succinate undoubtedly contributes to this 
discrepancy. The recovery of succinic acid added to urine was 60 per 
cent. We have not yet attempted to identify the acids other than succinic 
in the various fractions. The major fraction of these is KMnQ,-oxidiz- 
able (frequently more than 50 per cent of the total acid value), a large 
share of which is most likely to be unchanged malonic acid. 
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Degradation of Succinic Acid 

The over-all degradation scheme is summarized in Diagram 1. 

The succinic acid isolated from the urine was converted into a mixture 
of fumaric and malic acids with succinic dehydrogenase prepared from 
pigeon breast muscle or dog heart according to the procedure described by 
Umbreit ef al. (17). The fumaric acid and malice acid formed were then 
extracted with ether and subjected to the action of an acetone powder of 
Lactobacillus arabinosus prepared by the procedure of Ochoa,’ with the 
exception that fumaric acid instead of malic acid was used in the culture 
medium. The former appeared to be more effective in developing fumar- 
ase as well as malic decarboxylase activity. This enzyme preparation 
converts the mixture of fumarate and malate quantitatively into lactic 
acid and CO, (18). The CO, is derived from the b-carboxy! group of malic 
acid (carboxyl Fraction 1A in Diagram 1). 


COOHCH.CH.CooH Succinic dehydrogenase, —CH—COOH 


|| Fumarase 
1A 2 2 1B 


———COOH-—- CH, CHOH-—-COOH 


2 2 22 
co: + cH,cHo _, co, 


Malic decarboxylase 


1B 1B 
CO. + CH,CHOH—COOH 


DiacraM 1. Degradation of succinic acid 


The lactic acid thus formed was oxidized by permanganate into alde- 
hyde and CO, (carboxyl Fraction 1B) and the aldehyde was oxidized by 
potassium persulfate to CO, (14). 

With some exceptions, the yields in the individual steps of the degrada- 
tion are in reasonable agreement with expectations (see Table I1). The 
degradation of the succinate from Experiment 5 (NaHC™O, administered) 
was least satisfactory in this respect and this sample was the least pure as 
indicated by its melting point. Because of the low yield in the succinic 
dehydrogenase step, it was thought that malonic acid was the contaminant. 
In all subsequent experiments, the succinic acid was freed of malonic acid 
as previously indicated. 

The results for the degradation of synthetic carboxyl-labeled succinic 
acid show that no appreciable contamination of the methylene carbon 
fraction by carboxyl carbon takes place; C'’ was found exclusively in the 
carboxyl fractions. No direet evidence is at hand for non-contamination 
of the carboxyl fractions by methylene carbon, but the specificity of sue- 


‘Ochoa, personal communication. 
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cinic dehydrogenase and malic decarboxylase makes it unlikely that car. 
boxyl Fraction 1A contains significant amounts of methylene carbon. It 
was also ascertained, by running a control containing 0.1 mm of labeled 
malonate with 0.3 mm of non-labeled fumarate, that the carboxyl group of 
any contaminating malonate would not appear in carboxyl Fraction 1A. 

Since carboxyl Fractions 1A and 1B both represent the carboxyl carbons 
of succinic acid, a symmetrical compound, the abundance of labeled car- 
bon in these two fractions might be expected to be equal, aside from iso- 
tope effects. In certain samples, however, differences greater than 0.02 


TABLe Il 
Yields of Products from Degradation of Succinic Acid 
All values are in millimoles. 


Rat urinary succinate 


succinate inate Experi- Experi- ‘Experi- Experi- Experi- 

m.p. | (m.p. m m.p. | (m np m 

| 185°) 185°) | 185°) | 186°) 185°) 


1. Succinate by titrat- 0.48 0.30 0.24. | | 29 0.24 | 0.20 | 0.24 0.35 
able acidity | 
2. Succinate by succinic 0.44 0.28 0. 22 0.25 0.11 | 0.21 0.24 0.32 
dehydrogenase | | | | 
3. CO, evolved by fu- 0.42 0.09 0.17 | 0.21 | 0.25 
marase + malic de- | : | 
carboxylase 
4. KMnQ, oxidation of : 
lactate from (3) | | | | 


CO: 0.39 0.27 0.21 0.25 0.15 | 0.15 | 0.23 | 0.30 
Acetaldehyde 0.46 0.27 0.21) 0.26 0.26 | 0.20 
5. CO,/2 from persulfate 0.20, 0.16 | 0.22 | 0 20 


oxidation of acetal- 
dehyde from (4) 


atom per cent excess occurred between the C" values for the two fractions 
in question (Table III, Experiments 3, 4, and 9). In each such case, it 
is Fraction 1A which has the higher value. Because of the greater specific- 
ity of the degradation procedure for this fraction, the most probable 
explanation for the discrepancies in question appears to be contamination 
of carboxyl Fraction 1B by extraneous carbon dioxide collected during 
the permanganate oxidation of lactate. This view is supported by the 
results for the degradation of synthetic carboxyl-labeled succinie acid. 
The C™ value for the carboxyl carbon of Fraction 1A was 0.99 compared 
with a value of 1.00 predicted from oxidation of the whole molecule, 
whereas the value for Fraction 1B was 0.90, 10 per cent less than pre- 
dicted (see Table ITI). 


| 

| | 
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Results 
b The data on the C™ content of the urinary succinic acid degradation 
up of fractions have been compiled in Table III. Succinate labeled in only the 
1A. carboxyl atoms was isolated from the urine after the administration of 
‘bons Taste III 
Distribution of in Urinary Succinie Acid 
—— 
| ISbeled Carboxyl | 
ment Rat No. Labeled compound administered posi- Dose 
mole- ene 
| cule Frac- Frac- carbons 
| tion 1A ‘tion 1B 
| 
cent 
a 1 1 CH,C*OOH 6.1 | 1.1 | 0.15 
185°) 2 2 | = 6.1 | 3.4 | 0.14 
3 3- 6.1 | 3.4 | 0.10 0.21 | 0.17 | 0.00 
35 4 | 10-14 C*H,C*OOH 6.9 | 1.1 0.39 0.32 | 0.35 
5 | 15-17 NaHC*O, 0.03 | 0.00 
).32 6 | 32-38 CH;CHOHC*OOH 4.6 11.0 | 0.02 | 0.01 | 0.015 0.015 
7 | 3045 C*H,C*HOHCOOH 0.82 | 0.27 0.23 0.25 | 0. 
).25 8 | 46-52 C*OOHCH:C*O0OH | §.6 | 1.0 | 0.08 0.08 | 0.0 
9 | 55-61 4.4 | 1.0 (0.12 | 0.09 | 0.01 
Synthetic succinic acid (carboxyl-labeled)..... = oli 0. 50 | 0. 99 | 0.90 | 0.00 
).30 * The oxidation procedure was that of Van Slyke om Folch (30). 
).20 
).20 TaBLe IV 
C8 of Respiratory CO; in Atom Per Cent Excess 
Pe Experiment 3 | Experiment 4 Experiments | Experiment 6 | Experiment 7 | Experiment 9 
lons Time Compound administered 
able hrs. | 
tion 0.5 0.34 | 0.07 
ring 1.0 0.31 0.06 0.06 0.06 | 
the 2.0 (0.06 
id 2.5 0.19 | 0.10 
3.0 0.09 0.00 
ured 4.0 0.11 0.41 
ule, 5.0 0.04 0.06 O11 
pre- 7.0 0.07 0.34 
8.0 0.05 0.09  —0.01 
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CH;C¥OOH or Succinate approximately equally 
labeled in both the carboxyl and methylene carbons was isolated from the 


urine after the administration of C“H;C“OOH or C"H;C“HOHCOOH. | 


Succinate with isotope concentrations of no more than border line sig- 
nificance was isolated from the urine after the administration of NaHC"0O, 
or CH;CHOHCOOH. 

The values obtained for the C content of respiratory CO: are presented 
in Table IV. 


DISCUSSION 


The patterns of isotope distribution in succinate can be accounted for 


by the metabolism of the administered compounds via the tricarboxylic | 


acid cycle on the assumption that the succinate is a sample from a system 
in which succinate is being formed by the oxidative reactions of the cycle 
with a-ketoglutarate as the immediate precursor, and in which there is 
little or no formation of succinate from the reaction sequence, lactate > 


pyruvate (+C02), oxalacetate — malate — fumarate — succinate; 


in the reductive direction of the cycle. Malonate inhibition of succinic 
dehydrogenase would provide such conditions, but the same data would 
be obtained, for example, if the urinary succinate was arising from cells 
in which the formation of oxalacetate from lactate and CO, was relatively 
slow. Under these circumstances the carboxyl carbons of oxalacetate do 
not contribute to succinate. Of the non-carboxyl carbons of oxalacetate, 
1 becomes a carboxyl carbon of succinate and the other a methylene car- 
bon of succinate. On this basis, one would predict the following. (a) 
By CO, fixation no isotope will be introduced into the succinate. (6) 
From carboxyl-labeled acetate, carboxyl-labeled succinate will be formed, 
whereas from doubly labeled acetate. uniformly labeled succinate will be 
formed. (c) If lactate is metabolized to pyruvate, which is then either 
decarboxylated to acetate (or active C: unit) or carboxylated to oxalace- 
tate, the succinate obtained from CH;CHOHC“OOH will be isotope-free, 
while that from C¥H;C“HOHCOOH should be uniformly labeled. (d) 
If malonate is decarboxylated to acetate, C°0OHCH.C“OOH will yield 
carboxyl-labeled succinate. 

The observed results are qualitatively and semiquantitatively in agree- 
ment with these predictions. Likewise, if allowance is made for malonate 
action, the isotopic types of succinate observed are the same as those 
postulated by Wood et al. (9, 14, 19) to explain in part the distribution 
of labeled carbon found in the hexose units of rat liver glycogen after the 
administration of the labeled precursors in question (with the excep- 
tion of malonate, which was not studied). To be sure, other hypothetical 
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metabolic pathways can equally well account for the present findings, ag 
for example methyl to methyl condensation of acetate, but the data have 


been discussed in terms of the tricarboxylic acid cycle because of its wide 


acceptance as a major mechanism for the oxidation and interconversion 
of carbohydrate, fat, and at least certain amino acids. The basis for this 


acceptance is mainly the probability that reaction paths found qualita- 


tively and quantitatively important in experiments in vitro also represent 


- metabolically important paths in vivo. The evidence for the operation 


and importance of this metabolic scheme, in so far as it has been obtained 
from observations on the intact animal, comes chiefly from three types of 
investigation: (a) studies of the urinary excretion. of the components of 
the cycle, (b) studies of the action of inhibitors in vivo, and (¢) studies of 
the isotope distribution patterns in various compounds after the administra- 
tion of labeled precursors. 

An example of the first type of study is that of Krebs, Salvin, and John- 
son (3) who found that urinary excretion of citric acid and a-ketoglutaric 


acid was increased after the injection of succinic, fumaric, malic, or oxalo- 


acetic acid. However, Krusius (7) has concluded that the increased 
citrate in the urine is due to inhibition of citrate breakdown in the kid- 
neys (see also (20, 21)). 

As mentioned above, malonate administration increases the plasma 
succinate concentration (4) and the urinary excretion not only of this 
compound, but also of other Krebs cycle intermediates behind the block 
at the succinate-fumarate step. Fluoroacetate injection produces large 
accumulations of citrate in many tissues, without an associated rise in the 
amounts of a-ketoglutarate. This latter result is interpreted as due to 
a “jamming” of the cycle between citrate and a-ketoglutarate, probably 
due to the formation of a fluorocitrate (22-25). The work of Wood and 
collaborators, alluded to above, on the isotopic patterns of liver glycogen 
as an indicator of intermediary metabolic pathways (for summary see 
Wood (26)), constitutes the most comprehensive body of isotopic data 
obtained on the intact animal, supporting the in vivo operation and im- 
portance of the tricarboxylic acid cycle. Observations on the location 
of isotope in the dicarboxylic amino acids (27, 28) are also relevant here. 
The distributions of labeled carbon in the compounds studied are con- 
sistent with predictions based on the tricarboxylic acid cycle. The present 
study adds to the information of this type involving, however, the examina- 
tion of one of the members of the cycle itself. 

Several aspects of the data on respiratory CO, in Table 1V, such as the 
failure of the acetate labeled in both carbon atoms to give rise to substan- 
tially higher values than those for the carboxyl-labeled acetate, might 
merit discussion in terms of metabolic pathways, if it were not for the 
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paucity of the observations. It is worth noting, however, that the car- 
boxyl carbon of malonate can be converted to respiratory carbon dioxide 
in the rat, as has also been reported for the mouse (29). 

In view of the imputed importance of the integrity of the Krebs cycle 
for general oxidative metabolism, the apparently good condition of the 
rats suggests that malonate inhibition of succinic dehydrogenase has not 
been general and complete. The same inference is evident from the results 
for respiratory CO, if the major route by which acetate and non-carboxyl 
lactate carbon are converted to respiratory CO, is by means of the cycle. 
However, with respect to the urinary succinate, the sites of its formation 
are undetermined and it is possible that the excreted succinate comes mainly 
from certain cells in which the malonate inhibition of succinic dehydroge- 
nase approaches completeness. 

The assumption has been implicitly made that the succinate isolated 
from the urine is entirely the product of reactions which would be carried 
out by normal rat tissues. At least three factors, common to studies of 
the present type, may be mentioned, the influence of which, though con- 
sidered unlikely to account for the essential observations, have not been 
assessed: (a) the contribution of bacterial action; (6) the formation of 
succinate from other compounds during the isolation procedure; and 
(c) qualitative alterations in metabolism under the influence of the malo- 
nate administered. 


SUMMARY 


Succinate was isolated from the urine of rats and degraded for isotopic 
analysis. 

Succinate labeled only in the carboxyl atoms was found after the ad- 
ministration of or C@OOHCH,C“OOH. Succinate approxi- 
mately equally labeled in both carboxyl and methylene carbons was 
found after the administration of C“H,;C™OOH or 
Succinate with isotope concentrations of no more than border line signifi- 
cance was found after the administration of NaHC™O, or CH;CHOHC"- 
OOH. 

These patterns of isotope distribution in succinic acid are interpreted 
as consistent with the operation of the tricarboxylic acid cycle in vivo. 


The authors wish to thank Miss Joyce Stolen for valuable technical 
assistance. Mr. Edward Segal, Mr. Charles Bollenbacher, and Mr. Rich- 
ard Halsted performed the isotopic analyses under the supervision of Dr. 
A. O. C. Nier. We are indebted to Dr. 8. Ochoa for kindly supplying 
us with cultures of L. arabinosus. 
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PROTEIN MEASUREMENT WITH THE FOLIN 
PHENOL REAGENT* 


By OLIVER H. LOWRY, NIRA J. ROSEBROUGH, A. LEWIS FARR, 
AND ROSE J. RANDALL 


(From the Department of Pharmacology, Washington University 
School of Medicine, St. Louis, Missouri) 


(Received for publication, May 28, 1951) 


Since 1922 when Wu proposed the use of the Folin phenol reagent for 
the measurement of proteins (1), a number of modified analytical pro- 
cedures utilizing this reagent have been reported for the determination 
of proteins in serum (2-6), in antigen-antibody precipitates (7-9), and 
in insulin (10). 

Although the reagent would seem to be recommended by its great sen- 
sitivity and the simplicity of procedure possible with its use, it has not 
found great favor for general biochemical purposes. 

In the belief that this reagent, nevertheless, has considerable merit for 
certain application, but that its peculiarities and limitations need to be 
understood for its fullest exploitation, it has been studied with regard to 
effects of variations in pH, time of reaction, and concentration of react- 
ants, permissible levels of reagents commonly used in handling proteins, 
and interfering substances. Procedures are described for measuring pro- 
tein in solution or after precipitation with acids or other agents, and for 
the determination of as little as 0.2 y of protein. 


Method 


Reagents—Reagent A, 2 per cent NasCO; in 0.10 x NaOH. Reagent 
B, 0.5 per cent CuSO,-5H,O in 1 per cent sodium or potassium tartrate. 
Reagent C, alkaline copper solution. Mix 50 ml. of Reagent A with 1 
ml. of Reagent B. Discard after 1 day. Reagent D, carbonate-copper 
solution, is the same as Reagent C except for omission of NaOH. Re- 
agent FE, diluted Folin reagent. Titrate Folin-Ciocalteu phenol reagent 
((11), Eimer and Amend, Fisher Scientific Company, New York) with 
NaOH to a phenolphthalein end-point. On the basis of this titration 
dilute the Folin reagent (about 2-fold) to make it 1 N in acid. Working 
standards may be prepared from human serum diluted 100- to 1000-fold 
(approximately 700 to 70 y per ml.). These in turn may be checked 
against a standard solution of crystalline bovine albumin (Armour and 


* Supported in part by a grant from the American Cancer Society on the recom- 
mendation of the Committee on Growth of the National Research Council. 
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Company, Chicago); 1 + is the equivalent of 0.97 y of serum protein (see 
below). Dilute solutions of bovine albumin have not proved satisfactory 
for working standards because of a marked tendency to undergo surface 
denaturation. 

Procedure for Proteins in Solution or Readily Soluble in Dilute Alkali— 
(Directions are given for a final volume of 1.1 to 1.3 ml., but any multiple 
or fraction of the volumes given may be employed as desired'.) 

To a sample of 5 to 100 y of protein in 0.2 ml. or less in a 3 to 10 ml. 
test-tube, 1 ml. of Reagent C is added. Mix well and allow to stand for 
10 minutes or longer at room temperature. 0.10 ml. of Reagent E is 
added very rapidly and mixed within a second or two (see below). After 
30 minutes or longer, the sample is read in a colorimeter or spectrophotome- 
ter. For the range 5 to 25 7 of protein per ml. of final volume, it is 
desirable to make readings at or near \ = 750 my, the absorption peak. 
For stronger solutions, the readings may be kept in a workable range by 
reading near ) = 500 my (Fig. 2). Calculate from a standard curve, 
and, if necessary, make appropriate correction for differences between 
the color value of the working standard and the particular proteins being 
measured (see below). 

It is unnecessary to bring all the samples and standards to the same 
volume before the addition of the alkaline copper reagent, provided cor- 
rections are made for small differences in final volume. The critical vol- 
umes are those of the alkaline copper and Folin reagents. 

If the protein is present in an already very dilute solution (less than 25 
y perml.), 0.5 ml. may be mixed with 0.5 ml. of an exactly double 
strength Reagent C and otherwise treated as above. 

Insoluble Proteins, etc-—Many protein precipitates, ¢.g. tungstate pre- 
cipitates, will dissolve readily in the alkaline copper reagent. However, 
after proteins have been precipitated with trichloroacetic or perchloric 
acid, for example, they will dissolve rather poorly in the 0.1 ~ alkali of 
this reagent. They become even harder to dissolve if subsequently ex- 
tracted with fat solvents, and still more so if dried at 100°. 

It is not possible to cover all cases, but the following may be helpful in 
measuring the protein of acid precipitates. If the amount of protein is 
not great, so that it is spread rather thinly, it will usually dissolve in } 
hour or so in 1 N NaOH at room temperature. Therefore, one may add, 
for example, 0.1 ml. of 1 N NaOH to 5 to 100 y of precipitated protein. 


' For example, with the Klett colorimeter, transfer 25 to 500 y of protein in not 
over | ml. volume to a colorimeter tube. Add water if necessary to make 1 mi. 
Add 5 ml. of Reagent C, and, after 10 minutes, 0.5 ml. of Reagent E. Readings are 
taken after 30 minutes with the No. 66 filter. If the readings are too high, substi- 
tute the No. 54 filter for sample, standards, and blanks. 
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see After 4 hour or more, 1 ml. of Reagent D (no NaOH) is added, followed 
ory | after 10 minutes by 0.1 ml. of diluted Folin Reagent E as usual. 

ace With larger samples, or very stubborn precipitates, it may be necessary 
to heat for 10 minutes or more at 100° in 1 N alkali. Although this may 
i— lower the readings, they will be reproducible and can be measured with 
iple | similarly treated standards.? 

Microanalysis—With a Beckman spectrophotometer adapted to 0.05 
ml. ml. volume (12), as little as 0.2 y of protein may be measured with reason- 
for | able precision. Aside from reducing the volumes of sample and reagents, 
, is the only necessary change is to use sufficiently slender tubes for the re- 
ter action. If the tubes are too large in diameter, low values will result. 
ne- The following is illustrative of a procedure in which it is desired to pre- 
_ is cipitate the protein in order, for example, to measure an acid-soluble con- 
ak. stituent of the same specimen. In this example, it is assumed that the 
by sample volume is negligible. Otherwise a smaller volume of more con- 
ve, centrated trichloroacetic acid would be used. 

en To the sample containing 0.2 to 3 y of protein in a tube of 3 mm. inner 
ing diameter and 4 cm. long,’ are added 10 yl. of 5 per cent trichloroacetic 
acid. After being mixed and centrifuged, 8 ul. of the supernatant fluid 
me are removed. To the precipitate are added 5 ul. of 8 N NaOH. The 
or- sample is thoroughly mixed by tapping or “‘buzzing,’’*® and is covered 

* Bovine serum albumin is especially difficult to redissolve after precipitation. 
Several 40 mg. samples were precipitated with trichloroacetic acid, washed with 
25 alcohol and isopropyl! ether, and dried. These samples dissolved very slowly in 2 
ble ml. of 1 n NaOH. However, after standing overnight, the protein appeared to be 
nearly all dissolved and aliquots gave readings 97 per cent of those obtained with 
~ non-precipitated samples. Other samples were heated for 30 minutes at 100° in 1 

s NaOH. These samples dissolved and the solution turned slightly yellow. The 
“s final readings checked well but were only 82 per cent of those obtained with non- 
ric precipitated samples. Possibly, heating at lower temperature with the 1 n NaOH 
of would have sufficed, although heating with weaker alkali would not have been effec- 
“x. tive, judging from other experience. The use of stronger alkali than 1 n did not 
appear to be an improvement. 

* These tubes are cleaned by rinsing with dilute NaOH, boiling in half concen- 
Mm | trated HNOs, and rinsing several times in redistilled water. Filling or emptying 
1s of a beaker full of tubes (tall form of beaker without lip) is accomplished by slow 
} centrifugation for a few seconds. For emptying, the tubes are transferred upside 
ld down to a second beaker with a false bottom of stainless steel screen. With the slow 
centrifugation required beakers will not be broken. 

‘ Suitable micro pipettes are the Lang-Levy variety (13, 14). For entering these 
narrow tubes the bent tip must be especially short and slender. 
ni. * The tube is held at an angle against a rapidly rotating flattened rod or nail. 
ire Any high speed hand tool mounted in a clamp is satisfactory. The contents of the 
ti- tube will mix violently without spilling (15). A similar effect may be had with a 
commercial rubber-tipped massage vibrator. 
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with a rubber cap or Parafilm. After 30 minutes, 50 ul. of Reagent D 
are added and the sample is mixed by “buzzing.”’” After 10 minutes or 
more, 5 wl. of diluted Folin Reagent E are added with immediate “buz- 
zing,”’ and the samples are read after 30 minutes. Standards are perhaps 
best prepared by precipitating 5 yl. of 5, 10, 20, ete., mg. per cent solu- 
tions of serum protein with 5 gl. of 10 per cent trichloroacetic acid, with 
subsequent treatment as for the other samples. 


EXPERIMENTAL 


There are two distinct steps which lead to the final color with protein: 
(a) reaction with copper in alkali, and (6) reduction of the phos- 
phomolybdic-phosphotungstic reagent by the copper-treated protein. 

Reaction with Copper in Alkaline Solution—The salient features of this 
reaction follow. (1) The color obtained in the absence of copper is prob- 
ably attributable entirely to the tyrosine and tryptophan content (16, 17), 
and this is not greatly increased by alkaline pretreatment ((4-6) and Table 
I). (2) In the presence of copper, alkaline treatment of proteins results 
in a 3- to 15-fold increase in color, but, in contrast, the presence of copper 
has only a small effect on the color obtained with free tyrosine and tryp- 
tophan (Herriott (17, 18) and Table I). (3) The reaction with copper, 
although not instantaneous, is nearly complete in 5 or 10 minutes at room 
temperature under the prescribed conditions. Heating to 100° or increas- 
ing the concentration of alkali accelerates the reaction with copper without 
changing the final color. (4) Pretreatment with alkali alone does not 
alter the subsequent reaction with copper in alkaline solution. Even pre- 
treatment for an hour at 60° with 2 x NaOH, or for 5 minutes at 100° 
with 1 nN NaOH, when followed by the usual copper treatment, has almost 
no effect on subsequent color. Prolonged heating with strong alkali will, 
however, decrease the final color? 

Although the alkaline copper reaction and the biuret reaction appear 
to be related, they are not strictly proportional, nor, with different pro- 
teins, is the amount of biuret color directly proportional to the increment 
caused by copper in the color with the Folin reagent (Table I). 

A very small amount of copper is sufficient to give nearly maximum 
final color (Table I1). The action does not appear to be catalytic. As- 
suming the simple relationship copper + protein = copper-protein ob- 
tains, the data with low copper concentrations may be utilized to calculate 
an apparent dissociation constant of 3 & 10~* mole per liter with a maxi- 
mum of 1 mole of chromogenic protein-bound copper per 7 or 8 amino 
acid residues (Table II). 

Mehl, Pacovska, and Winzler (19) conclude with Rising and Yang (20) 
that in the biuret reaction approximately 1 atom of copper is bound for 
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I 
| or Extinction Coefficients of Proteins Variously Treated 
uz The equivalent extinction coefficient eso (or 550) is defined as the optical density 


aps at \ = 750 (or 550) my with 1 atom of N per liter. Nitrogen was measured by the 
ylu- Kjeldahl procedure of Miller and Houghton (24). The biuret color was developed 
ith with the reagents of Weichselbaum (25). Source of proteins, crystalline trypsin, 
crystalline chymotrypsin, and crystalline bovine albumin, Armour and Company, 
Chicago; cytochrome c, Sigma Chemical Company, St. Louis; crystalline zine in- 
sulin, Eli Lilly and Company, Indianapolis; gelatin, Difeo Laboratories, Ine., De- 
troit; L-tyrosine, Eastman Kodak Company, Rochester. 


in: 
O8- 
his Ne pre- | Alkali*® per ane hen 4 | with Cu | Biuret color 
ob- trea treatment | 
Trypein................... 733] 910] 38,600 200 (6.3 
ilts Chymotrypsin.... a 425 2,930 | 2505 25.8 
per Cytochrome 703 | 738 2,495 1757 4 
on Bovine serum albumin. 312; 38, 2,000 102 | 2.8 
om 13,700 | 13,850 15,100 1250 
yut *30 minutes in 0.1 nN NaOH at room temperature before addition of Folin 
reagent. 
t Regular treatment as described under the procedure. 
“A t Not valid because of the color of the cytochrome ¢. 
ost Tape II 
ill, Color Increments from Small Amounts of Copper 


Serum protein concentration, 12.1 y per ml. A and chromogenic-bound copper 
nal (Cu-protein) calculated from K = Cu X protein/Cu-protein = (Cu(total protein — 
rO- Cu-protein))/Cu-protein = (Cu(maximum AO. D.* — AO. D.))/A0. D. (assuming 
nt that i copper bound to protein is proportioned to sO. D.). 


Total Cu | (0. 30. D. D., per cent | Cucprotein 

o |; | 

ite 8 166 SS 42 2.9 0.05 

xi- 20 237 159 | 

no 40 267 189 91 | 2.8 0.12 
2000 26006 0.13 

Opt ical density. 

for t Moles per 117 gm. of protein, i.e. per amino acid residue. 
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each 4 amino acid residues, and Mehl ef al. calculated dissociation con- 
stants for the reaction copper + protein — copper-protein averaging 10 
times larger than the one reported herein for the formation of Folin-reac- 
tive material. Thus, of the total possible sites for copper combination, 
it would appear that only about half produce significant reduction of the 
Folin reagent, and that furthermore this fraction has a considerably greater 
affinity for copper than the rest. 


PERCENT OF MAXIMUM 


20 +O 80 

Fic. 1. “Persistence of reactivity’? was measured by adding Folin reagent to 
protein-free alkali; after the given times, copper-treated protein was added in a 
small volume, and the color at 750 meu was measured 30 minutes later. ‘Color de- 
velopment” refers to a sample of serum protein treated in the regular manner. 
The points on “optical density 448 my” are observed (no protein present); the 
curve is theoretical for a monomolecular reaction with a half time of 8 seconds. 


Reduction of Folin Reagent—Three main points may be made as follows: 
(1) When the Folin reagent is added to the copper-treated protein, maxi- 
mum color results if the reduction occurs at about pH 10. (2) At this pH 
the reagent is only reactive for a short time (16). It is for this reason 
that even a few seconds delay in complete mixing will lessen the amount 
of color (Fig. 1). The decrease in reactivity of the reagent appears to be 
a function of the disappearance of the original yellow color of the phos- 
phomolybdate (half time of 8 seconds (Fig. 1)) and is presumably due to 
dissociation of the phosphate from the molybdate. Surprisingly, the color 
with protein continues to develop for a number of minutes after the re- 
agent itself has become unreactive to freshly added protein (Fig. 1). Pos- 
sibly the primary reduction product rearranges, since the absorption spec- 
trum changes in shape between 3 minutes and 30 minutes (Fig. 2). (3) 
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m- During the Ist minute or so after the addition of the Folin reagent, extra 
10 acid is liberated (Fig. 1), which also may result from the dissociation of 
uc- the phosphomolybdate. Therefore, for maxiinum color, the solution must 
mn, 
he 
2 
oO 
af 
S 
© 02 
400 500 600 700 800 90 1000 
Fig. 2. Absorption spectra 3 and 30 minutes after the addition of Folin reagent 
to a solution containing 23.3 y of serum protein per ml. 
> 
to Zz 
or. 4 
he 
8: 
15 
NaOH NORMALITY 
on Fic. 3. Effect of alkali concentration on final color development. NaOH con- 
nt centration is calculated before addition of 0.1 volume of diluted Folin reagent. Ex- 
cept as noted, final concentration of Folin reagent 3 per cent and NayCO, 1.6 per 
be cent. All samples (copper-treated protein) were identical in composition until a 
s- few seconds before addition of Folin reagent (see the text). Final protein concen- 
to tration 12 y per ml. 
- be rather well buffered. It was found that a mixture of NaOH, sufficient 
- to neutralize the excess phosphoric acid, and NagCOs, to buffer the mixture 
- near pH 10, gives more color than any amount of either reagent alone 
(Fig. 3). 
3) Extinction Coefficients and Proportionality—Ditferent pure proteins give 
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different extinction coefficients with the Folin reagent (Table 1). The 
extremes were observed with trypsin and gelatin which differed by a factor 
of 3 in chromogenicity. It will be seen that without copper much greater 
differences occur. The variation in chromogenicity must be kept in mind, 
but it is much less marked with mixtures of proteins as found in various 
tissues (Table IIT), and for many purposes is not a serious drawback. 

The relation of color to protein concentration is not quite linear (Table 
IV). 


III 


Apparent Protein Content of Whole Tissues (Rabbit) and Tissue Extracts Calculated 
from Kjeldahl N and from Folin Color 


The tissues were homogenized and precipitated with 5 per cent trichloroacetic 
acid (TCA), and the lipides removed by successive extraction with 0.1 N_ potas- 
sium acetate in ethanol, ethanol, and isopropyl ether. (The purpose of the ace- 
tate is to neutralize the acid and prevent solution of some protein in the ethanol.) 
The N was determined as in Table I. The extinction coefficients were calculated 
from the N and color of the extracted precipitates. 


' 
Extracted} TCA | Lipide | Whole 
Material analysed ppt. extract extracted tissue 


percent | percent percems percent 


Brain  BasedonN X6.25 9.5 1.08 | 1.05 | 11.8 1960 
color | 9.5 0.15 | 0.28 9.8 

| “Folin color 13.9 0.30 14.5 | 

“ “© Folin color | 17.1 | 0.49 | 0.28 | 18.0 | 

Skeletal muscle | | 20.1 | 1942 
** * Folin color 17.8 | 0.15 0.09 | 18.8 | 


Folin color 13.0 | 0.20 | 0.17 13.4f 


See Table I. 
t By summation; other values are direct determinations. 


Specificity and Interfering Substances—Few substances encountered in 
biological work cause serious interference. Only a little color was ob- 
tained with either acid extracts or the lipides extracted from five different 
tissues (Table 111). Consequently measurements on non-extracted whole 
tissue would be in error by only 3 to 6 per cent, whereas values based on N 
determination would be overestimated by 15 to 20 per cent. 

Uric acid (16), guanine, and xanthine (21, 22) react with the Folin re- 
agent. Guanine gives about 50 per cent more color than serum protein, 
weight for weight. The color is not enhanced by copper. Curiously, gua- 
nosine does not react appreciably. Hypoxanthine gives no color if puri- 
fied (21). No more than a trace of color was obtained with adenine, ade- 


nos 
an 

ser 
ure 
cel 
aci 
lize 
zin 


thy 


Op 
sity 
acl 
inc 
cre 
an 
of 
hel 
col 
act 
ide 
no 
of 


75 


LOWRY, ROSEBROUGH, FARR, AND RANDALL 273 


nosine, cytosine, cytidine, uracil, thymine, or thymidine (see also Funk 
and Macallum (22)). 

Neither color nor interference with protein color development was ob- 
served with the following substances at the given final concentrations: 
urea (0.5 per cent), guanidine (0.5 per cent), sodium tungstate (0.5 per 
cent), sodium sulfate (1 per cent), sodium nitrate (1 per cent), perchloric 
acid (0.5 per cent neutralized), trichloroacetic acid (0.5 per cent neutra- 
lized), ethyl alcohol (5 per cent), ether (5 per cent), acetone (0.5 per cent), 
zinc sulfate (0.1 per cent), barium hydroxide (0.1 per cent). 

Most phenols, except nitrophenols, reduce the reagent (16); therefore 
thymol and to a lesser degree sulfosalicylic acid interfere, whereas picric 


Taste IV 
Measurement of Small Amounts of Protein from Rabbit Brain 
Final volume 0.082 ml. 


Optical® den- | Optical® density 
me} at | Pound | | Found | Present 
0.038 | | 0.16 | 0.280 229 0.98 | 1.00 
0.04 | 0.15 | 0.16 0.292 236 1.03 | 1.00 
0.010 0.14 | 0.16 0.283 233. (0.99 1.00 
0.089 221 | 0.33 | 0.33 0.365 227 1.30 | 1.32 
0.09 26 | 0.35 | 0.33 | 0.367 228 1.31 | 1.32 
0.091 226 (0.34 | 0.33 (0.365 287 1.32 | 1.32 
0.184 228 (0.66 219 1.60 | 1.66 
0.191 2360 (0.670.666 0.443 | 220 1.62 | 1.66 
0.191 236 0.67 0.66 0.444 221 1.61 | 1.66 


* Corrected for blank. 


acid up to 0.1 per cent is permissible. Glycine (0.5 per cent) decreases 
the color with protein by 50 per cent. Hydrazine over 0.5 mg. per cent 
increases the blank. 

Ammonium sulfate greater than 0.15 per cent final concentration de- 
creases color development. This is partly due to a decrease in alkalinity, 
and up to 0.25 per cent or so can be tolerated if an equivalent amount 
of extra alkali is added to the sample. Extra copper does not seem to 
help. 

Microanalysis—With final volumes less than 0.1 ml., the amount of 
color is proportionately less than on the macro scale, especially if the re- 
action is carried out in wide tubes. Extensive testing did not definitely 
identify the cause of the decreased color. Neither oxygen, carbon dioxide, 
nor glass surface seemed to be involved. The critical step is the period 
of standing with alkali and copper. 
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The practical solution to this interesting difficulty seems to be to use 
slender tubes and to run standards under the same conditions. Table IV 
illustrates the reproducibility of protein measurements on small brain sam- 
ples. Rabbit brain was homogenized and diluted 200- to 2000-fold. Ali- 
quots of 3.6 wl. were analyzed for protein at a final volume of 0.082 ml. 
The amount of protein present was calculated from macro analyses. It 
is seen that the error is usually not over 0.02 y. 


DISCUSSION 


The measurement of protein with copper and the Folin reagent has cer- 
tain advantages. (1) It is as sensitive as with Nessler’s reagent, yet re- 
quires no digestion. (2) It is 10 or 20 times more sensitive than measure- 
ment of the ultraviolet absorption at \ = 280 my and is much more specific 
and much less liable to disturbance by turbidities. (3) It is several fold 
more sensitive than the ninhydrin reaction (23) and is somewhat simpler, 
as well as much easier to adapt for small scale analyses. Free amino 
acids give much more color than proteins with the ninhydrin reaction, 
whereas the reverse is true with -he Folin reagent. (4) It is 100 times 
more sensitive than the biuret reaction. 

There are two major disadvantages of the Folin reaction. (a) The 
amount of color varies with different proteins. In this regard it is less 
constant than the biuret reaction, but more constant than the absorption 
at} = 280 my. (b) The color is not strictly proportional to concentration. 

From a consideration of the advantages and disadvantages, the reason- 
able applications of the copper-Folin reaction would seem to include (1) 
measurement of protein during enzyme fractionations, etc., (2) measure- 
ment of mixed tissue proteins, particularly when absolute values are not 
needed, (3) measurement of very small absolute amounts of protein, or 
highly diluted protein (e.g. spinal fluid) or protein mixed with colored 
substances or other nitrogen-containing substances, and (4) analyses of 
large numbers of similar protein samples, such as antigen-antibody pre- 
cipitates. 

SUMMARY 


1. A study is presented of the measurement of proteins with the Folin 
phenol reagent after alkaline copper treatment. The basic reactions have 
certain peculiarities which need to be taken into consideration in using 
this reagent. 

2. Directions are given for measurement of proteins in solution and 
proteins which have been precipitated with acid, ete. A micro procedure 
is also described for the measurement of as little as 0.2 y of protein. 

3. The differences in the amount of color obtained with a number of 
proteins is recorded. Interfering substances are listed. 
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4. The advantages of simplicity and sensitivity of this reaction recom- 


mend it for a number of biochemical purposes. 
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CHROMATOGRAPHIC DETERMINATION OF THE ACIDS OF 
THE CITRIC ACID CYCLE IN TISSUES* 


By CHARLES E. FROHMAN,t JAMES M. ORTEN, ann ARTHUR H. SMITH 


(From the Department of Physiological Chemistry, Wayne U niversity 
College of Medicine, Detroit, Michigan) 


(Received for publication, July 2, 1951) 


Many methods are to be found in the literature for the determination 
of several of the individual acids of the “citric acid cycle; however, to 
date no method has been available for the simultaneous determination 
of all of the acids in a single sample of tissue. Isherwood (1) employed 
partition chromatography on silica gel to separate and determine subse- 
quently a group of acids present in fruit, some of which are members of the 
tricarboxylic acid cycle. This work suggested to Marshall, Orten, and 
Smith (2) the possible applicability of partition chromatography to the 
determination of the acids present in animal tissues. These workers suc- 
ceeded in separating and quantitatively determining fumaric acid in mus- 
cle, liver, kidney, brain, and blood by this procedure (2); during this 
investigation, several other acids of the citric acid cycle were located on 
the chromatogram (3). More recently, Marshall e al. (4-6) have also 
determined a-ketoglutaric, aconitic, malic, lactic, and succinic acids by 
the same procedure. Partition chromatography has also been employed 
by Marvel and Rands (7) for the determination of the chemical constitu- 
tion of organic polymers. 

In the present study, the work of Marshall and coworkers was extended 
and a method for the simultaneous determination of fumaric, a-ketoglu- 
taric, oxalacetic, succinic, lactic, pyruvic, malic, cis-aconitic, isocitrie, and 
citric acids was developed. 

EXPERIMENTAL 

Reagents— 

4 per cent tertiary amyl alcohol-chloroform mixture; 4 ml. of tertiary 
amyl alcohol diluted to 100 ml. with chloroform. 

10 per cent tertiary amyl alcohol; 10 ml. of tertiary amyl alcohol di- 
luted to 100 ml. with chloroform. 


* Aided by a grant from the Council on Pharmacy and Chemistry, American 
Medical Association. The data in. this paper have been taken from the dissertation 
submitted by Charles E. Frohman for the degree of Doctor of Philosophy, Wayne 
University, 1951. A preliminary report was presented before the meeting of the 
American Society of Biological Chemists at Cleveland, May, 1951. 

t Present address, Kresge Eye Institute, Detroit 26, Michigan. 


277 


278 CHROMATOGRAPHY OF CITRIC ACID 


12 per cent tertiary amy! alcohol; 12 ml. of tertiary amyl alcohol diluted 
to 100 ml. with chloroform. 

Silica gel, prepared and standardized according to the method of Mar. 
shall, Orten, and Smith (2). 

All the materials used in this investigation were ‘“‘reagent grade.” 

Development of Method—The chromatographic column was prepared as 
follows: 0.15 ml. of concentrated sulfuric acid and 1 ml. of water were 
added to 3 gm. of silicic acid as prepared above. When the mixture had 
become smooth and pasty, 50 ml. of chloroform were added in 5 ml. por- 
tions with vigorous stirring between the additions. The resulting smooth, 
lump-free homogeneous slurry was poured into a glass tube 8 mm. in di- 
ameter and 75 cm. long. 200 ml. of chloroform were then passed through 
the silica gel in order to pack the column, after which it was ready for use. 
The silica gel was not used for more than one determination. 

The acids to be investigated were first placed individually in the column 
to determine the order in which they were eluted. The purity of each 
acid had been established previously by its melting point and neutral 
equivalent. 1 ml. of a solution containing between 1 and 20 mg. per 
cent of the acid in 4 per cent tertiary amyl alcohol-chloroform was intro- 
duced into the column and, when the level of the solution had dropped to 
that of the silica gel, 50 ml. of chloroform were added. When the level 
had again reached that of the silica gel, 50 ml. of 4 per cent tertiary amyl 
alcohol-chloroform were introduced, followed in turn by 50 ml. each of 
10 per cent and 12 per cent tertiary amyl alcohol-chloroform mixture. 
These amounts and concentrations of amyl alcohol in chloroform were 
found to separate and elute all of the acids under investigation. All elu- 
ates were collected in 2 ml. fractions with a mechanical fraction collector. 
2 ml. of distilled water were added to each fraction which was then ti- 
trated with 0.05 n sodium hydroxide with a Rehberg micro burette and 
phenolphthalein as the indicator. After the individual acids were located, 
mixtures of the acids were separated on the column. A typical chromato- 
gram of one of these mixtures is shown in Fig. 1. It is evident that a 
satisfactory separation of the various acids was obtained. 

The positions of the acids in the chromatogram were further verified 
by other methods. The ultraviolet absorption spectra were employed to 
check the identity of cis-aconitic, fumaric, pyruvic, a-ketoglutaric, and 
oxalacetic acids (8). Chemical isolation was used to verify fumaric acid. 
In each case, the expected acid was identified as present in its established 
fraction of the chromatogram. 

Recoveries were made from mixtures of the acids, both in pure solutions 
and after addition to tissues. The results of the latter studies are shown 
in Table I. The data show that satisfactory recoveries from tissues were 


ml 
N 
0.( 
0.( 
0. 
A 
Fun 
Oxa 
a-K 
Succ 
Lac 
Pyr 
Mal 
Isoce 
Citr 
mat 
Wo 
and 
 albi 


C. E. FROHMAN, J. M. ORTEN, AND A. H. SMITH 279 
uted | obtained for all the acids. Equally good recoveries were obtained from 
pure solutions. 
VLar- 
’ 1. Acetic acid 
ans 2. Fumaric acid 
3. «&-Ketoglutaric acid 
4. Oxalacetic acid 
had 5. Succinic acid 
od 6. Lactic acid 
oth, 7. Pyruvic acid 
i di- | mi. 0.05 8. Malic acid 
ugh | N NoOH 9. Aconitic acid (cis) 
use. 
imn 
ach 
2 35 45 55 6 #75 £485 95 
FRACTION NUMBER 
a Fic. 1. Typical chromatogram of a mixture of acids in pure solution 
myl TaB.e 
1 of Average Amounts of Acids Recovered When Added to Homogenates of Rat Tissue 
Acid Added é Per cent recovery 
elu- | | 
a-Ketoglutaric........... | 92 | 90 | 98 
| 71 | 69 97 
it a 82 80 98 
| 48 | 45 94 
fied | | 62 97 
and 
ery The range of effectiveness of the above procedure varies from approxi- 
hed | Mately 1 to 15 mg. of total acids per sample. These values, however, 
would obviously depend upon the amounts of the individual acids present 
‘ons | #nd their ease of resolution. 
wa Determination of Levels of Acids in Tissues of Normal Fasted Rats—Male 
vere 4lbino rats of the Sprague-Dawley strain weighing from 200 to 300 gm. 
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were used throughout the investigation. The tissues of ten rats were 
pooled for each determination. The rats were fed a purified basal diet 
consisting of 20 per cent casein, 30 per cent sucrose, 41 per cent glucose, 
4 per cent cottonseed oil, 4 per cent salt mixture (9), and an adequate vi- 
tamin mixture. 24 hours before the rats were sacrificed, food was withheld. 
At the time of sacrifice, each animal was given 0.3 ml. of 0.1 per cent nem- 
butal by subcutaneous injection. When the rat was sufficiently anesthe- 
tized, as much blood as possible was removed by aortal puncture. The 
blood was immediately heparinized, pooled with the blood of the other 
rats, and frozen with solid carbon dioxide. The skull of the rat was then 


Taste Il 


Average Concentrations and Standard Deviations* of Organic Acids in Tissues of 
Normal Rats Fasted for 24 Hours 


The values are expressed in mg. per 100 gm. of tissue. 


Brain Liver Kidney Muscle 


Acid | | | | 
| | | mg. per cent 
Fumaric.......| 139+ 12! 85 £02) 7.1 £02! 0640.1 | 0.2 + 0.1 
a-Ketoglu- | | | | 
90+ 12 28 £01 25 £02 024011 
Oxalacetic..... 85+ 0.2) 085402) 0.75402 <0.1 <0.1 
Succinice 404 02 18 402 17 +401 <0) <0.1 
Lactic... 12104100 121 403 108 402 83401 136402 
Pyruvic.. 1724 06) 29 £02) 245402) 22401) 13402 
Malic. 324 01) 15 401) 11 +02 |<0.1 <0.1 
cis-Aconitie <0.1 <0.1 <0.1 
Isocitriec . .. 054 01 £01 07 401 <0 


Citric.......... 532 23 40.1 24 2401 14201 


Standard deviation = V7 


opened and the entire brain was removed and frozen in dry ice. The liver, 
kidney, and gastrocnemius muscle were removed in this order as rapidly 
as possible and immediately frozen. The frozen tissue was weighed and 
homogenized in acetone by the use of a counter-rotating mixer. After 
adjusting the pH of the resulting homogenate to 3.0 with hydrochloric 
acid, it was allowed to stand overnight at 4°. The solution was then 
filtered and an aliquot containing the desired amounts (for example, ap- 
proximately 0.7 mg. of fumaric acid for all tissues, except blood) of the 
acids was evaporated to 5 ml. and then filtered to remove fat. Quanti- 
tative transfers were insured by repeated rinsings with small amounts of 
water. Acetone was added to the filtrate to facilitate evaporation to dry- 
ness, which was accomplished without heating by directing a stream of 
air from an electric fan over the solution. This procedure would eliminate 


any 
hy 
mi) 
slO 
wit 
in 
the 
are 
det 
eac 
a-K 
Oxa 
Suc 
Lac 
Pyr 
Mal 
Cit 
fast 
Tal 
aga 
of 
acic 
led 
min 
also 
orin 
in 0 


).2 
D.2 


Cc. E. FROHMAN, J. M. ORTEN, AND A. H. SMITH 281 


any volatile acids originally present in the sample as well as the added 
hydrochloric acid. 2 ml. of 10 per cent tertiary amyl alcohol-chloroform 
mixture were then added to the residue and allowed to stand with occa- 
sional shaking for 1 hour. This solution was washed into the column 
with chloroform and the acids were separated and determined as described 
in the previous section. The average levels and standard deviations of 
the acids in the brain, kidney, liver, muscle, and blood of these animals 
are shown in Table II. The values given are averages of four separate 
determinations, each in duplicate, with the pooled tissues of ten rats for 
each run. 

The levels of the acids were also determined in the tissues of the animals 


Taste III 
Average Concentrations of Organic Acids in Tissues of Normal Rats Fasted for 72 
Hours 
The values are expressed in mg. per 100 gm. of tissue. 

Acid Brain Liver | Kidney Muscle Blood 

| mg. per cent 
Fumaric....... 3 0.7 0.2 
a-Ketoglutaric 18.8 28 | 2.2 | <01 | <0! 
Oxalacetic... ... 8.4 | GCA <0.1 <0.1 
Lactic... N60 104 8.4 12.8 
| 18.7 3.05 2.4 2.15 1.1 
cis-Aconitie OS | <0.8 | GAS | | 
Isocitric 0.4 0.55 055 <0.1 #£<0.1 


fasted for 72 hours. The results of these determinations are shown in 
Table III. These values are averages of two separate determinations, 
again in duplicate, on pooled tissues. It can be seen that the extra period 
of fasting caused no significant change in the levels of the determined 
acids. 


DISCUSSION 


The values for the concentrations of the various acids in the tissues stud- 
ied agree in general with those found in the literature obtained by deter- 
minations of the acids individually. The values for pyruvate and lactate 
also agree closely with those obtained in this laboratory by standard col- 
orimetric methods. 

The levels of the acids in brain found in this study are higher than those 
in other tissue. However, it is believed that the values, at least for lactic 
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and pyruvic acids, do not represent the concentrations present in vivo 
but are elevated due to traumatic changes induced during the removal of 
the brain. Indeed, Stone has shown that pyruvate and lactate levels 
in brain rise over 800 per cent within 5 minutes after the spinal cord is 
severed (10). 

One of the difficulties encountered in determining the order in which 
the acids emerged from the column was presented by oxalacetic acid. 
This acid exists in three forms, cis and trans enol forms and a keto form. 
Since by passing through the keto form, the trans and cis isomers are 
easily interchangeable, both forms can exist in the column. The trans 
form of the acid leaves the column much sooner than does the cis form. 
As the trans form is eluted, however, the equilibrium between the trans 
and cis forms is disturbed, thus causing the slow conversion of all cis- 
oxalacetic acid to the trans form. The result of this would be a chromato- 
gram consisting of a peak representing trans-oxalacetic acid, followed by 
a somewhat lower plateau representing the oxalacetic acid converted in 
the column from cis to trans. Since the succinic acid fraction appears 
in the same region in the chromatogram, the value obtained obviously 
represents a summation of these two acids. Attempts to remove oxal- 
acetic acid from the tissues and determine it separately were unsuccessful 
because they invariably resulted in destruction of some other acid present 
in tissues. However, recoveries of 90 per cent were obtained with oxal- 
acetic acid despite the incomplete separation. Since the concentration 
of oxalacetic acid in tissues is extremely low, the remaining 10 per cent 
affected the chromatogram of succinic acid insignificantly. The problem 
of oxalacetic acid in this type of determination is not completely solved. 
Large amounts of oxalacetie acid would invalidate this portion of a chro- 
matogram. 

During the study, it was found that a racemic mixture of malic acid left 
the column in a fraction different from that in which either L- or p-malic 
acid appeared. This observation demonstrated the importance of pre- 
venting the racemization of optically active isomers in a study of this 
type. 

Another point of caution should be raised with reference to the im- 
portance of the pH of the silica gel; variations in its pH may change 
markedly the position of an acid in the chromatogram, a point which 
emphasizes the necessity of maintaining a close control of the pH of the 
system. 


SUMMARY 


A procedure for the separation and simultaneous quantitative deter- 
mination of fumaric, a-ketoglutaric, oxalacetic, succinic, lactic, pyruvic, 
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malic, cis-aconitic, isocitric, and citric acids in animal tissues by partition 
chromatography on silica gel is presented. 


The method has been employed satisfactorily for determining amounts 


of total acids varying from approximately 1 to 15 mg. per sample of tissues. 


The levels of the above acids were determined in brain, liver, kidney, 


muscle, and blood of normal rats which had been fasted for 24 and for 72 


hours, respectively. 


No significant differences were found in the concen- 


trations of the acids in the tissues of the rats of the two groups. 


wn 


BIBLIOGRAPHY 
Isherwood, F. A., Biochem. J., 40, 688 (1946). 


. Marshall, L. M., Orten, J. M., and Smith, A. H., J. Biol. Chem., 179, 1127 (1949). 
. Marshall, L. M., Orten, J. M., and Smith, A. H., Federation Proc., 8, 225 (1949). 
. Marshall, L. M., and Drew, F. D., Federation Proc., 9, 199 (1950). 


Marshall, L. M., Friedberg, F., and DaCosta, W. A., J. Biol. Chem., 188, 97 (1951). 
Marshall, L. M., and Friedberg, F., Federation Proc., 10, 221 (1951). 

Marvel, C. S., and Rands, R. D., Jr., J. Am. Chem. Soc., 72, 2642 (1950). 
Racker, E., Biochim. et biophys. acta, 4, 211 (1950). 
Wesson, L. G., Science, 76, 339 (1932). 

Stone, W. E., J. Biol. Chem., 136, 43 (1940). 


il of 
velg 
hid |) 
are 
orm. 
rans 
C18- 
ato- 
| by 
in 
ears 
usly 
xal - 
ssful 
sent 
»Xal- 
tion 
cent 
lem 
ved. 
hro- 
left 
1alic 
pre- 
this 
im- 
inge 
hich 
the 
eter- 
IVIC, 


(Fre 


met 


FS 


[ 
ing 
rest 
tot 
hon 
tior 
the: 
pur 
Bi: 
cag 
Inv: 
Ins 
in | 

B. 
XUM 


THE EFFECT OF VITAMIN By ON RAT GROWTH 
AND FAT INFILTRATION OF THE LIVER* 


By MARY ADELIA BENNETT, JANE JORALEMON, anv PHILIP E. 
HALPERNt 


(From the Lankenau Hospital Research Institute and the Institule for Cancer Research, 
Philadelphia, Pennsylvania) 


(Received for publication, April 6, 1951) 


It has been demonstrated in this laboratory that rats which cease grow- 
ing on a synthetic “labile methyl’’-free diet containing homocystine will 
resume growth if both folic acid and vitamin Bj: are added simultaneously 
to the diet (1, 2). The growth indicates the synthesis of methionine from 
homocystine by the rat. It was also found that Lederle concentrated solu- 
tion of liver extract, in the presence of folic acid, will induce growth in 
these rats in proportion to its vitamin By: content. The liver extract is a 
purified antianemia preparation with a high vitamin B,. assay. In pre- 
vious experiments, addition of less refined liver extracts to the “labile 
methyl”’-free diet also enabled our rats to utilize homocystine for growth 
(3). It would seem, therefore, that vitamin By. was the active factor in 
these earlier preparations as well. 

The present experiments were undertaken in an attempt to find out 
whether vitamin By: is the sole factor, in the various liver preparations, 
which is responsible for the growth of our rats on the “labile methyl”-free 
homocystine diet. To test this possibility, it was planned to feed to rats 
several different liver preparations and an animal protein factor in doses 
containing equivalent amounts of vitamin By. The vitamin B,. content 
of the various preparations was determined by microbiological assay. One 
control group was to be given equivalent doses of crystalline vitamin By» 
and another was to receive no vitamin By. By correlation of the growth 
data and determinations of liver lipide we hoped to ascertain whether or 
not as yet unidentified factors are present in these preparations which 
could supplement the growth effect due to crystalline vitamin By». 

In addition, we wished to compare the effect of feeding various vitamin 
By: preparations on the growth rate and liver lipide content of rats main- 


* Presented before the 118th meeting of the American Chemical Society at Chi- 
cago, September, 1950 (Abstracts, American Chemical Society, 71C (1950)). This 
investigation was supported in part by a research grant from the National Cancer 
Institute, National Institutes of Health, United States Public Health Service, and 
in part by an institutional grant from the American Cancer Society. 

t The authors wish to thank Dr. A. J. Donnelly, Blanche G. Kiesel, and Naney 
__B. Noyes for the histopathological findings of this study. 
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tained on the synthetic “labile methyl’’-free diet, which contained 0.83 
per cent homocystine, with the effect produced on rats maintained on 4 
similar diet in which the homocystine was replaced by 1.4 per cent 
methionine. In the first case an actual methylation of homocystine would 
be involved if growth occurred; in the second case, since methylation is 
complete, a demethylation would occur. It was thought that dietary vi- 
tamin B,:. might not necessarily be involved in both processes. 
Diet 
The same basal diet was fed that has been used for several year 
throughout our series of experiments; it contains a 17 per cent amino acid 
mixture and 30 per cent corn oil (2). The standard daily dose of B vi- 
tamins was the same as that previously used, including 20 y of folic acid 
(folvite, Lederle). pi-Homocystine was fed in the concentration of 0.3 
per cent; it was prepared in this laboratory and was found to be 100 + 
0.5 per cent pure by the disulfide determination (4). The vitamin B 
ions used were cobione, Merck (crystalline vitamin B,,), liver ex- 
tract Lilly (LEL), Lederle concentrated solution of liver extract (AAF), 
and animal protein factor (APF) (U. 8. Industrial Chemicals, Inc.). These 
preparations were fed in approximately equivalent amounts of 2 ¥ of vita 
min By per rat per day. The preparations were administered with the 
B vitamins, and each rat received the same volume of solution. 


EXPERIMENTAL 


The rats used were the Wistar-Lankenau strain. These animals had 
been fed our breeding colony diet which consists of a variety of natural 
foods. Female rats, 35 days old were chosen, as usual, because it is 
known that they are not as susceptible to “labile methyl” deficiency as 
are males or younger females. The basal diet was fed ad libitum and the 
homocystine or methionine was incorporated in the basal diet from the 
beginning of the experiment. The customary 14 day period on the basal 
diet alone was omitted, since it was thought that such treatment might 
possibly injure the livers and kidneys of the rats. The experimental con- 
ditions were in all other respects those formerly used (3). The basal 
food consumed was measured each day and the rats were weighed daily. 

The first part of the experiment was conducted on twenty-four rats 
which received a “labile methyl”-free diet containing 0.83 per cent pt- 
homocystine. The animals were put on this diet immediately after they 
were taken off the colony food. They were divided into five groups of 
equal weight: one group, twelve rats, consisted of control animals which 
did not receive vitamin B,. and the other four groups, three rats each, 
represented those animals which received the various vitamin B,, prepara- 
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tions. After the animals regained an initial loss in weight due to the 
change in diet, the average weight of the five groups was 107 + 3 gm. 
As was to be expected from our previous work (2), the controls grew for a 
while at an average rate of 0.9 gm. per rat per day, then their growth 
leveled off, as shown by Curve A of Fig. 1. These animals were not 
studied beyond 80 days, since at that time several of the rats underwent a 


DAYS 


Fie. 2 


Fic. 1. Average daily growth curves. The basal diet contained 0.83 per cent 
ot-homocystine. All supplements were given orally. The curves represent the in- 
crease in weight after the rats had regained their initial loss due to the change to a 
synthetic diet. Curve A represents the growth response of the control group of 
rats; Curve B represents that of the vitamin By: (cobione, Merck) group; Curve C, 
that of the liver extract Lilly group; Curve D, that of the group of rats receiving 
the Lederle concentrated solution of liver extract; Curve E, that of the group re- 
ceiving the U.S. I. animal protein factor. The dotted curve represents a normal 
100 day growth curve for female rats of the Wistar-Lankenau strain maintained on 
our colony diet of natural foods. The initial point is 100 gm. in weight at 35 days 
of age. 

Fie. 2. Average daily growth curves. The basal diet contained 1.4 per cent pL- 
methionine. Conditions as for Fig. 1. 


severe drop in weight. Those animals ingesting crystalline vitamin B,, 
and the various vitamin B,, preparations continued growing, however, 
for the entire experimental period of over 100 days and their growth did 
not level off. This is demonstrated by Curves B, C, D, and E of Fig. 1. 
The rates of growth on the homocystine diet, supplemented with either 
crystalline vitamin Bys, liver extract Lilly, Lederle concentrated solution 
of liver extract, or animal protein factor, are essentially identical, amount- 
ing to 1.2, 1.3, 1.2, and 1.2 gm., respectively, per day per rat. 

The second part of the experiment was conducted on twenty-four rats 
receiving 1.4 per cent pi-methionine in lieu of homocystine. These ani- 
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mals were put on this diet immediately after they were taken off the 
colony food. The groups were divided in the same manner as before. 
After the animals became adjusted to the change in diet, the average 
weight of the five groups was 100 + 2 gm. The control rats grew at ap- 
proximately the same rate as that of the animals in the control group for 
the homocystine experiment, namely, 0.9 gm. per rat per day, as shown 
by Curve A of Fig. 2. On addition of either crystalline vitamin Bh, 
liver extract Lilly, or the Lederle concentrated solution of liver extract, 


I 
Average Daily Food Consumption Per Rat in 10 Day Intervals 


0.83 per cent homocystine diet 14 per cent methionine dict 


cm. | gm. | gm cm. | gm. | | om. | om. | gm. | om. 
7.2, 62/66)! 58! 7.1 | 7.5 
5.369 82) 66 69 | 64 66 62°65 63 
7.2) 68/62/62), 65/)60)>53 5.2 63 
7.0 5.563 6.2/5.8 60 53 | 5.0 58 
(5.1/5.7 | 5.5 | 5.5 | 5.6 | 5.2) 63) 4.8 | 5.3 | 5.7 
6.4 6.0 | 6.7 | 5.8 | 6.8 4.7 4.1) 8.7) 4.2) 6.0 
45/46/66 / 46/55/53 45 5.1 | 5.7 | 5.0 
5.3 | 5.6 | 6.4, 46/56/55) 5.9 4.9) 5.5 | 5.1 
| 5.0 | 6.8 | 5.5 | 5.5 | | 
| 5.8 | 7.0 | 5.0 | 7.0 | | 
Average 6.0 | 5.9/6.7) 5.7 6.1156 5.8 5.5 | 5.8 | 6.0 


growth was practically the same as that obtained with the control group, 
0.9, 0.8, and 0.8 gm. per rat per day, as shown by Curves B, C, and D of 
Fig. 2. The group receiving the animal protein factor grew at a slightly 
better rate, namely, 1.1 gm., as shown by Curve E. In no case, however, 
was the growth optimum, even though all the rats seemed in good 
condition. 

The average daily food consumption per rat for each group in 10 day 
intervals and for the entire period is presented in Table I. The rats con- 
sumed an average of 6 gm. per day in both series of experiments. These 
figures indicate that there were no significant differences in the effects of 
the various vitamin B,, preparations on appetite. Furthermore, the con- 
trol rats, without vitamin B,., ate as much of the basal diet as the test 
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animals and, therefore, any differences observed in growth rates were not 
due to varying food consumption. 

The data obtained on liver lipides of rats on the various diets are shown 
in Table II. Two rats of each group were used for these measurements, 
and alcohol-ether extractions of the dehydrated livers were carried out. 
All control rats on the homocystine diet without vitamin B,, had fatty 
livers, the average found being over 23 per cent liver lipides on the basis 
of fresh liver. On the other hand, all the vitamin Bj; preparations kept 
the liver lipides at practically normal levels. In the methionine experi- 
ment, however, fatty livers were not encountered when vitamin B,; was 


either omitted or included in the diet. 
Taste Il 
Liver Lipides in Rats on Synthetic Diets in Presence and Absence of Vitamin Bis 
™ | per cont 
A 0.83% homocystine | Controls 80  § 4.2 23.75 
B | 0.83% “ Vitamin By: (Merck)| 5.8 | 3.0 5.44 
C | 0.83% “ LEL (Lilly) 665 | 38.2 6.80 
D 0.83% AAF (Lederle) | 4.99 
E 0.83% - APF (U. 8. L) 6.3 3.1 5.44 
A 1.4% methionine Controls 5.3 3.1 4.18 
B 1.4% o Vitamin By: (Merck) 5.5 3.0 3.64 
LEL (Lilly) 2.9 4.03 
D 1.4% “ AAF (Lederle) | 5.0 3.0 3.84 
E 1.4% APF (U. 8. L.) 3.1 3.81 


Complete autopsies were performed on representative rats and histologic 
examinations of the organs were made. The homocystine control group 
which did not receive vitamin B,,; showed severe fat infiltration of the 
liver. The other groups, including the methionine control group which 
did not receive vitamin B,, all had essentially normal livers. The changes 
noticed in the other organs of the rats, all groups included, were considered 
insignificant. 

Vitamin B,; determinations were carried out microbiologically on aque- 
ous extracts of the defatted dried livers of the experimental rats. The 
organism used was Lactobacillus leichmannii (ATCC 4797) and the me- 
dium was that of Capps ef al. (5) prepared by Difco. The data obtained 
indicated that even after 100 days on the vitamin B,;-free diets the livers 
of the rats contained approximately 0.26 y of vitamin B,; per gm. of dry 
liver. Administration of vitamin B,: preparations raised the values sev- 


he 
re. 
ge 
for 
wn 
Sis, 
ct, 
0 
Ip, 
of 
ly 
xl 
ay 
ae 
of 
“st 


290 EFFECT OF VITAMIN Bis ON GROWTH 


eral fold. Further study of the liver storage of vitamin B,: is in progress 
and will be reported. 


The present results substantiate previous data obtained from this labo- 
ratory in demonstrating that methionine can be synthesized by the rat 
from homocystine in the presence of folic acid and vitamin By, or any of 
its sources studied. Moreover, methionine is synthesized in amounts 
sufficient for growth and for elaboration of choline as indicated by the 
data for liver lipides. Since the growth rates obtained with the various 
vitamin B,. preparations and crystalline vitamin B,2 are practically iden- 
tical, as shown by the curves of Fig. 1, it may be concluded that vitamin 
Biz is the principal, if not the sole, factor responsible for the growth ob- 
tained under our experimental conditions. 

If the decrease in the liver lipides found in rats fed vitamin Bj, on the 
homocystine diet indicates a synthesis of choline, then we can conclude 
that the low amount of liver lipides found in the control group of the 
methionine experiment, in spite of the absence of dietary vitamin By, 
indicates a demethylation of methionine and a synthesis of choline. 
Therefore, dietary vitamin B,2 does not seem to be necessary for the latter 
process; however, the stored vitamin B,2 must not be overlooked. 

Although optimum growth cannot be expected on our amino acid mix- 
ture, it will be noted that on the diet containing 1.4 per cent methionine, 
even in the presence of vitamin By, growth appears significantly lower 
than that obtained on the homocystine diets in the presence of vitamin 
Bi. The percentage of methionine fed in the diet is higher than the 
percentage of homocystine used; yet this level does not appear toxic, 
since the methionine rats have essentially normal livers, eat well, and 
seem in good condition. As indicated by values for the practically normal 
liver lipides, sufficient demethylation of methionine must have occurred 
to meet the choline requirement for liver metabolism on a diet containing 
30 per cent fat. However, with 1.4 per cent methionine in the diet there 
might be a non-balance of dietary constituents, possibly amino acids, 
which could result in poor growth. According to recent reports (6, 7) 
glycine and serine are precursors in the synthesis of the methyl groups 
and the ethanolamine moiety of choline. Since glycine and serine are 
low in our choline-free diet, it would seem that an increase in these amino 
acids would probably aid the growth of our rats, especially in the case of 
the 1.4 per cent methionine diet when more methyl acceptors might be 
needed. The slightly augmented growth rate on the methionine diet 
supplemented with the animal protein factor remains unexplained. Fur- 
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ther work will be required to establish the possible effect of accessory 
growth factors in this preparation. 


Crystalline vitamin B,; or equivalent amounts of this vitamin, fed in 
the form of liver and animal protein preparations, will enable rats to grow 
at practically identical rates on a “labile methyl”’-free homocystine diet 
containing folic acid and to maintain normal livers. These findings indi- 
cate that vitamin B,; is the principal, if not the sole, factor in these prep- 
arations responsible for the observed growth. When no vitamin B,: is 
fed, the growth rate decreases and fatty livers result. 

When homocystine is replaced by methionine in the diet, the rats grow 
at essentially identical rates either in the absence or presence of crystal- 
line vitamin B,: or equivalent amounts of the other sources of vitamin 
By. Although the growth rate is low, no fatty livers are found in any 
of the groups. It would seem, therefore, that dietary vitamin B,: is not 
involved in the demethylation of methionine under the conditions of the 
present experiment. 

The growth rates of rats on the methionine diets, with or without vi- 
tamin By, appear significantly lower than those of animals on diets of 
homocystine with vitamin By. This finding is discussed from the stand- 
point of the effect of possible dietary deficiencies in amino acids such as 

BIBLIOGRAPHY 
1. Bennett, M. A., American Chemical Society, 116th meeting, Atlantic City, Sept. 
(1949); Abstracts, American Chemical Society, 117th meeting, 20A (1950). 
2. Bennett, M. A., J. Biol. Chem., 187, 751 (1950). 
3. Bennett, M. A., and Toennies, G., J. Biol. Chem., 163, 235 (1946). 
4. Bennett, M. A., Science, 110, 589 (1949). 
5. Capps, B. F., Hobbs, N. L., and Fox, 8. H., J. Biol. Chem., 178, 517 (1949). 
6. Weissbach, A., Elwyn, D., and Sprinson, D. B., J. Am. Chem. Soc., 72, 3316 


(1950). 
7. Stekol, J. A., Bennett, M. A., Weiss, K., Weiss, 8., Halpern, P., and Joralemon, 
J., Abstracts, American Chemical Society, 118th meeting, Chicago, 26A (1950). 


SUMMARY 
abo- 
rat 
y of 
nts 
the 
lous 
len- 
in 
ob- 
the 
ude 
the 
ine. 
tter 
IX- 
ne, 
ver 
in 
the 
cic, 
ind 
al 
red 
ing 
ere 
7) 
Ips 
are 
no 
of 
be 
iet 
ir- 


TR 

In 
the 
by 1 
how 
tran 
A re 
and 
fum: 
acet: 
It 
tion 
of fr 
take 
by t 
Acec 
dem: 
catal 
ress, 
sine 
amin 
path 
dene 
Pr 
Wari 
on a 
acetc 
vacu 
Instit 
was } 
cal C 

XUM 


TRANSAMINATION AS A STEP IN TYROSINE METABOLISM* 


By BERNARD SCHEPARTZ 
With THE Tecunicat ASSISTANCE OF ARDITHANNE BOYLE 


(From the Department of Biochemistry, Jefferson Medical College, Philadelphia, 
Pennsylvania) 


(Received for publication, June 13, 1951) 


In recent years the metabolic fate of the individual carbon atoms of 
the aromatic amino acids has been rather completely elucidated, largely 
by the use of isotopic labeling techniques (1-3). Very little is known, 
however, concerning the enzymatic mechanisms whereby the complicated 
transformation of phenylalanine and tyrosine to acetoacetate is effected. 
A recent contribution in this direction was the demonstration by Ravdin 
and Crandall (4) that homogentisic acid is oxidized by liver enzymes to 
fumarylacetoacetate, which is then hydrolyzed to fumarate and aceto- 
acetate. 

It has been evident for some time that the first stage of tyrosine oxida- 
tion in liver is not an ordinary, oxidative deamination. Thus, the absence 
of free ammonia in the reaction mixture, the low ratio of oxygen atoms 
taken up to tyrosine molecules utilized, and the slow rate of deamination 
by the L-amino acid oxidase all militate against the classical hypothesis. 
Accordingly, experiments were instituted in this laboratory designed to 
demonstrate the occurrence of a transamination in the course of tyrosine 
catabolism in liver preparations. While these experiments were in prog- 
ress, Cammarata and Cohen (5) published evidence for the ability of tyro- 
sine to transaminate. The data reported herein indicate that this trans- 
amination is a prerequisite to any further breakdown of tyrosine on the 
pathway to acetoacetate. Other investigators have recently presented evi- 
dence leading to the same conclusion (6, 7). 


Methods 


Preparation of Enzyme Extracts—Rat livers were homogenized in a chilled 
Waring blendor for 3 minutes with 5 volumes of ice-cold acetone, filtered 
on a cold Biichner funnel, the filter cake washed with 2.5 volumes of cold 
acetone, and the cake, while still moist with solvent, rapidly dried in a 
vacuum desiccator over phosphorus pentoxide. After standing overnight, 


* This investigation was supported in part by a research grant from the National 
Institutes of Health, United States Public Health Service. A preliminary report 
was presented before the forty-second meeting of the American Society of Biologi- 
cal Chemists at Cleveland, April, 1951 (Federation Proc., 10, 243 (1951)). 
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the dried cake was powdered in a mortar and stored in a desiccator in the 
cold. For use, 1 gm. of the acetone powder was extracted twice with 
5 ml. portions of 0.2 Mm phosphate buffer, pH 7.4. The extractions (1 hour 
each) and subsequent centrifugations were performed in a refrigerator at 
5°. The clear supernatant extracts were combined and used as indicated 
below. 

Analytical and Manometric Methods—Tyrosine was determined by the 
method of Bernhart (8), and acetoacetate by the aniline citrate procedure 
of Edson (9). A modification of the method of Schales and Schales (10) 
was used for the determination of glutamate. This involved a precipi- 
tation of the glutamic acid decarboxylase from the juice of the summer 
squash by salting-out with ammonium sulfate between the limits of one- 
third and one-half saturation. The resulting dried powder proved to be 
stable, quite active without dialysis, and devoid of decarboxylase action 
toward any of the compounds found in or added to the experimental 
system other than L-glutamic acid. 

All of the Warburg experiments reported involved an incubation period 
of 1 hour at 37.5°, with air as the gas phase. Oxygen consumption was 
determined by the usual procedures, with appropriate corrections for the 


small oxygen uptake in the absence of substrate. Each Warburg vessel | 


contained 1 ml. of enzyme extract and, except where indicated otherwise, 


3.3 um of added t-tyrosine and 5.0 um of a-ketoglutaric acid, in a total | 


volume of 3.0 ml. 
Results 


Effect of a-Ketoglutarate on Tyrosine Oxidation—As shown in Table I, | 
the extract of liver acetone powder had very little effect on tyrosine in . 


the absence of a-ketoglutarate. With the addition of the keto acid, sig- 
nificant quantities of tyrosine disappeared, oxygen was consumed, and 
acetoacetate was formed. Further investigation of the oxygen consump- 
tion occurring with a-ketoglutarate alone revealed that it was due to the 
oxidation of traces of tyrosine present in the enzyme preparation. This 
oxygen uptake has not been subtracted from the figures for oxidation in 
the presence of both tyrosine and a-ketoglutarate, since any disappearance 
of this “background” tyrosine has been included in the determination of 
total tyrosine utilization. 

It will be noted that the tyrosine disappearance has been satisfactorily 
accounted for by the acetoacetate formed. Furthermore, the ratio of 
atoms of oxygen consumed to molecules of tyrosine metabolized averaged 
4:1, in agreement with previous workers. As will be developed in greater 
detail in the discussion, this tatio is indicative of a transamination rather 
than an oxidative deamination. 
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Fate of a-Ketoglutarate—From the foregoing it seemed quite probable 
that tyrosine could not be attacked oxidatively until transformed by a 
transamination into its corresponding keto acid, and that a-ketoglutarate 
was a limiting factor in the catabolism of tyrosine because it was acting 
as an acceptor of amino groups. Preliminary experiments established the 
fact that L-glutamic acid was not oxidized by the enzyme preparation. 
This led to the expectation that an accumulation of glutamate should be 
demonstrable in systems containing tyrosine and a-ketoglutarate. This 
effect is shown in Table II. 


TaBLe I 
Acceleration of Tyrosine Oxidation by Ketoglutarate in Extracts of Acetone Powder 
of Liver 
Incubation period was 1 hour at 37.5° in air. Lach vessel contained 1 ml. of 
liver extract in phosphate buffer, pH 7.4, and (except where indicated otherwise) 


3.3 um of added L-tyrosine and 5.0 um of ketoglutarate in a total volume of 3.0 ml. 


Oxygen consumption was corrected for control values obtained in the absence of 
substrates. 


Tyrosine disappeared O: consumed | Acetoacetate formed 
rosine + 
0.11 (0.78 1.0); O04 1.6 2.9 | 00 {| 0.2 0.4 
1.47 (2.0) 18 5.5 | 0.3 1.5 
2.62 (4.0) 15 | 98 0.5 2.5 
0.02 | 2.47 (4.0) 0.0 1.0 97 | 0.1 0.5 2.9 
0.00 | 2.81 0.0 1.6 0.9 | 00 04 2.4 
0.00 | 2.92 05 | 2.1 1.6 | 0.1 os af 
0.04 | 2.88 0.1 | 0.0 10.6 | 0.0 04 | 2.4 


* Quantities of ketoglutarate other than 5.0 um are indicated in parentheses. 


In addition to the formation of glutamate from tyrosine and a-keto- 
glutarate, a variable but frequently considerable quantity of glutamate 
was formed from the a-ketoglutarate in the absence of tyrosine, as can be 
seen in Table II, although this was exceeded by the amount formed with 
the complete system. An explanation for this phenomenon was found in 
the fact that small amounts of alanine and aspartic acid (as well as glycine 
and glutamic acid) could be detected in the enzyme preparation by paper 
chromatography, and that enzymes catalyzing transaminations between 
these two amino acids and a-ketoglutarate could be demonstrated (Table 
III). These sources of glutamate varied in activity from one preparation 
of acetone powder to another. 

In agreement with the results of previous investigators, no free ammonia 
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296 TYROSINE TRANSAMINATION 
was formed on incubation of the enzyme extract with tyrosine, or tyrosine | ‘am 
and a-ketoglutarate. This makes it unlikely that the formation of glu- | #@ 
tam 
TaBLe II a-k 
Formation of Glutamate by Transamination between Tyrosine and Ketoglutarate 
Conditions of incubation and contents of flasks as given in Table I. 
Tyrosine disappeared Oz consumed Glutamate formed A 
uM uM atoms atoms uM uM the 
0.00 0.59 (1.0) 0.0 0.4 2.0 0.0 0.3 2.8 Tht 
—+1.34 (2.0) 1.1 5.7 1.4 1.9 tec 
3.02 0.8 12.0 2.7 52 4° 
0.43 1.0)} 1.2 | 1.2 33 | 00 | 1.0 | o7 | 13) 
1.38 (2.5) 0.9 6.5 1.1 1.8 util 
2.29 0.4 10.0 1.0 3.0 | (11, 
0.00 | 2.57 0.9 1.8 10.8 | 0.0 as | 84 tae 
0.12 1.05 0.3 0.4 3.6 0.2 1.3 2.6 L-ti 
0.00 3.33 0.4 1.5 14.3 0.0 3.9 4.6 Me 
0.00 | 3.01 1.1 2.6 136 | 00 | 32 | 53 | mill 
0.12 | 2.91 1.2 2.5 12.0 0.0 3.6 5.0 T 
(5.5) | 0.7 0.3 12.1 0.7 2.7 | 5.7 | pre 
| 0.2 1.8 9.7 0.0 0.7 
| 0.1 0.6 9.7 0.0 0.3 3.0 tens 
1.5 0.0 11.3 0.2 1.7 3.9 : 
0.3 0.3 4.9 0.0 0.6 2.1 | oft 
0.4 0.4 9.5 0.0 0.3 3.3 of 
| 04 | 03 | 100 | 00 | 09 | 3.5 | by 
I 
* See foot-note to Table I. ' 
4 
Taste III tion 
Formation of Glutamate by Transamination between Ketoglutarate and Amino Acids | the 
Other Than Tyrosine tlor 
Conditions of incubation as given in Table I. 5.0 um of each compound added | eed, 
as indicated. tisi 
O: consumed Glutamate formed A 
Additions 
Experiment Experiment Experiment | Experiment 
| 1 2 1 2 wit! 
| | | live 
0.9 1.3 2.7 3.4 tha 
Ketoglutarate + L-alanine............... | 0.6 0.9 4.1 4.9 ate 
+ L-aspartate | 1.2 0.9 4.4 4.7 labc 
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tamate was the result of a deamination of tyrosine, followed by a reductive 
amination of a-ketoglutarate. Furthermore, no significant amounts of glu- 
tamate were formed when the enzyme preparation was incubated with 
a-ketoglutarate and ammonium salts. 


According to our information at the present time, L-tyrosine is con- 
verted by mammalian liver into carbon dioxide, acetoacetate, and fuma- 
rate. The usual scheme of tyrosine metabolism begins with an oxidative 
deamination, although there is a considerable amount of information in 
the literature which makes the occurrence of such a reaction doubtful. 
Thus, a number of investigators have reported that ammonia is not liber- 
ated during the oxidation of L-tyrosine by various liver preparations (11- 
13). Furthermore, most investigations of the ratio of atoms of oxygen 
utilized per molecule of tyrosine catabolized have resulted in a value of 4:1 
(11, 12, 14, 15), although 5:1 would be expected if an oxidative deamina- 
tion were involved.' Finally, Cammarata and Cohen (5) have shown that 
L-tyrosine, as well as many other amino acids, can undergo transamination 
with a-ketoglutarate in a number of tissues. 

The data presented in this paper indicate that transamination is a 
prerequisite to the oxidation of tyrosine, at least in the liver preparation 
used in these experiments. In so far as the available supply of a-ketoglu- 
tarate permits, the catabolism of tyrosine proceeds, first with the transfer 
of its amino group to form a molecule of glutamate, then to the production 
of a molecule of acetoacetate (and presumably fumarate), accompanied 
by the consumption of 4 atoms of oxygen. 


Tr | It should be noted that these results cast doubt upon the participation 


of 2,5-dihydroxyphenylalanine as an intermediate (17), since the forma- 
tion of this compound would require some utilization of oxygen even in 
the absence of any factors (e.g., a-ketoglutarate) needed for transamina- 
tion. Evidently the removal of the amino group from tyrosine must pre- 
cede the formation of hydroquinone type metabolites, such as homogen- 
tisic acid and its immediate precursors. 

Although the results of Le May-Knox and Knox (6) are available only 
in preliminary form, it is evident that they are in substantial agreement 
with the findings reported here, despite the differences in the types of 
liver preparations used. La Du and Greenberg (7) have recently reported 
that tyrosine oxidation in extracts of an acetone-powder of liver is con- - 


‘An apparent discrepancy, in the form of a report that p-hydroxyphenyl pyru- 
vate utilizes 1 oxygen atom less than tyrosine in a liver mince (12), has been re- 
solved by revision of the earlier results in a later communication from the same 
laboratory (16). 
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siderably accelerated by the addition of a-ketoglutarate, and although 
the formation of glutamic acid was not determined, it seems quite certain 
that they have been investigating essentially the same system. 


SUMMARY 


1. An acetone-powder of rat liver has been prepared, extracts of which 
have negligible activity toward L-tyrosine unless supplemented with a- 
ketoglutarate. 

2. When so supplemented, tyrosine disappears from the reaction mix- 
ture, 4 atoms of oxygen are taken up per molecule of tyrosine catabolized, 
and a molecule of acetoacetate is formed. 

3. The rdle of a-ketoglutarate has been shown to be that of an amino 
group acceptor in a transamination reaction, and the accumulation of 
glutamic acid has been demonstrated. 

4. The hypothesis is offered that tyrosine, in the course of its normal 
catabolism in liver, undergoes a transamination rather than an oxidative 
deamination as the initial step on the pathway to acetoacetate. 
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LIBERATION AND MICROBIOLOGICAL ASSAY OF 
VITAMIN Bi: IN ANIMAL TISSUES* 


By HAROLD E. SCHEID anp B. 8. SCHWEIGERT 
(From the Division of Biochemistry and Nutrition, American Meat Institute 
Foundation, and the Department of Biochemistry, University of 
Chicago, Chicago, Illinois) 
(Received for publication, May 31, 1951) 


Studies on the microbiological assay of vitamin By: in liver extracts 
and certain food materials have been reported with the use of Lactobacillus 
lichmannii as the test organism (1-9). Relatively little is known about 
the release of vitamin B,: from microbiologically unavailable complexes 
in tissues. Results obtained with acid or alkali treatment showed that 
the vitamin B,: potency of crystalline vitamin B,: and of animal tissues 
was reduced as compared to the results obtained with cold or hot water 
extracts (9). Studies have been conducted to release vitamin B:-active 
compounds from tissues by the use of enzymatic treatment (5, 6, 9, 10); 
however, extensive studies with the use of a number of enzyme prepara- 
tions have not been reported. 

In the present work a detailed study of assay conditions for the micro- 
biological determination of vitamin B,: was conducted, since considerable 
variation in the response to vitamin B,; has been observed in repeated 
experiments. In addition, the liberation of vitamin B,, from animal tis- 
sues by several enzyme preparations was investigated. 


EXPERIMENTAL 


The techniques of assay, preparation of inoculum, and maintenance of 
stock cultures have been described previously (9). L. leichmannii 327 
was used as the test organism throughout this study. The basal medium 
was that already described (9, 11). Cysteine hydrochloride was used con- 
sistently in place of cystine, since much smaller amounts are required for 
maximum growth of the organism and it also acts as a reducing agent in 
the medium (9, 11). The enzymatic digest of casein was omitted from 
the basal medium in the present studies, since no increase in acid pro- 
duction was observed when the enzymatic digest was added. 

Considerable variation in response to vitamin B,:; was noted in some 
assays; therefore, a detailed study of the medium and sterilizing procedure 


* Journal Paper No. 37, American Meat Institute Foundation. We are indebted 
to Merck and Company, Inc., for supplying the vitamin B,:; which was used as the 
standard, and to the Lederle Laboratories Division, American Cyanamid Company, 
for the vitamin By2». 
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300 ASSAY OF VITAMIN Bj» 
was made. It has been reported (2, 3) that reducing agents such as | of 
thioglycolic acid and thiomalic acid prevent inactivation of the vitamin | in. 
during autoclaving with the assay medium or reduce the requirement of : 
the organism for vitamin Bi. The effect of adding thioglycollate was | th: 
compared in the present study with aseptic additions of vitamin By. and | wh 
tissue extracts which contained vitamin By, that had been autoclaved | ind 
separately from the medium, with addition of samples which had been | ma 
passed through a Seitz filter, and with both the samples and medium | the 
plus 6 mg. of pyruvate per tube. The last condition of assay was used | rec 
a Vitamin By: Potency Measured under Different Test Conditions __ | ex 
Vitamin B 
Vitamin Busy? Liver extract Beef liver. Beef round pol 
percent | ypermi, | 109. ner 100 gm. | SUE 
Basal, autoclaved 7 39-174 3.410.8, 1046| 0.45.6 | 
(116) (7.7) (25) (2.8) me 
“ + 2 mg. thioglycolic acid 6 145-198 7.5-12.8 | 28-62 0.9-1.7 stu 
per tube, autoclaved (174) (10.2) (43) (1.2) anc 
Basal, autoclaved, Seitz filtra- 9 118-200 6.9-11.6 | 19-56) 1.0-2.7 ter 
tion, added aseptically (159) (9.0) (35) (1.6) A. 
Basal + 2 mg. thioglycolic acid 2 154-165 7.4-10.2 | 52-52) 1.4 
per tube, autoclaved; Seitz (160) (8.8) (52) ten 
filtration 
Basal + 6 mg. pyruvate per 2 | 164-189 | 12.1-12.1| 42-46| 1.2-1.4 
tube; Seitz filtration of me- (176) (12.1) (44) (1.3) 
dium and samples 


* These calculations are based on 100 per cent activity of vitamin B,: on a weight 
basis. A new sample of vitamin B,», showed 100 to 120 per cent activity of vitamin 
By: on a weight basis. (Note added in proof.) 


as the basis of comparison since no heat treatment was used. Vitamin 
Bi» and liver extract autoclaved with the basal medium did not assay 
as high in vitamin By, potency as they did in the same medium containing 
a reducing agent or when the sample was sterilized separately from the 
medium (Table I). Reproducibility of results with the basal medium 
was relatively poor compared to the use of the basal medium plus thio- 
glycolic acid and Seitz filtration techniques and, further, the results tended 
to be somewhat lower for all samples except beef round. Comparable 
results were obtained when either thioglycolate was added, after Seitz 
filtration, or when both the medium and samples were passed through a 
Seitz filter. It was concluded that autoclaving the basal medium plus 2 | 
mg. of thioglycolic acid per tube was a satisfactory procedure for the assay 
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of vitamin By in a series of unknown samples, and this procedure was used 
in all subsequent assays. 

Separate tests conducted with varying levels of thioglycolate showed 
that the maximum sensitivity and consistency in results were observed 
when 2 mg. of thioglycolate were added per tube. These results also 
indicate that the vitamin By: potency of vitamin B,», or of tissue extracts 
may be reduced considerably when these preparations are autoclaved with 
the basal medium (Table I). This is in agreement with results reported 
recently by Hendlin and Soars (8). Under these test conditions vitamin 
Bin was 1.5 to1.8 times as active as vitamin By, on a weight basis. 
Fricke e¢ al. (12) have reported that vitamin By. and vitamin By)» are 
equal in activity with their test conditions. Some of the results of earlier 
phases of this work have been reported (13). 

Subsequent to devising a satisfactory assay procedure, it was of im- 
portance to study the problem of liberating the vitamin from animal tis- 
sues. Preliminary studies indicated that a 2-fold increase in the vitamin 
Bi: potency of beef liver and round was observed after pancreatic treat- 
ment (9). In the present study a number of enzyme preparations were 
studied which included pancreatin, erepsin, trypsin, crystalline trypsin, 
and taka-diastase (commercial sources), and also chick pancreas and bac- 
terial preparations. The bacterial preparations' were prepared as follows: 
A number of proteolytic bacteria were isolated from meat and soil and 
ten cultures that did not produce significant quantities of vitamin By» 
were selected for further work. They were grown on a medium contain- 
ing (in per cent) hydrolyzed casein 1.0, yeast extract 0.1, glucose 0.1, 
and K:HPO, 0.2 for 24 hours at pH 7, and, from tests on the relative ef- 
fectiveness in releasing vitamin B,: from tissues, one culture (an unidenti- 
fied Micrococcus designated M-1) was selected for detailed study. It was 
found that the blank corrections for the vitamin B,2 content of the en- 
zyme preparation was low and that 10 ml. of the filtrate gave maximum 
release of vitamin By. 

The acetone powder preparation from chick pancreas was prepared by 
homogenizing chick pancreas in acetone with a Waring blendor, filtering 
with suction, drying, and finely grinding the residue. 10 mg. of the dry 
powder were used for each sample. 

The method of assay was as follows: 2 gm. of beef round, pork, or lamb, 
or 1 gm. of liver or kidney was homogenized in a Waring blendor with 
25 ml. of 0.1 m NazHPO, buffer, pH 7. The samples were quantitatively 
removed (60 to 80 ml., total volume) to 125 ml. Erlenmeyer flasks, auto- 
claved for 5 minutes at 15 pounds pressure to inactivate any naturally 
occurring enzymes, and cooled, and the enzyme preparation added to 


' These experiments were conducted in collaboration with Dr. C. F. Niven, Jr. 
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each flask. The samples were then incubated, under preservative (14) 
and toluene, at 37° for 48 hours. After incubation the samples were ad- 
justed to pH 7, made to 100 ml. in volume, filtered, and stored in amber 
bottles, with added preservative, in the refrigerator. Suitable aliquots 
were then taken for assay. Both crystalline vitamin B,: and By», were 
used as standards. The results are calculated as the vitamin B,, potency, 
and, although separate calculations showed that the vitamin B,», potency 
was lower than that for vitamin Bj, the same relative results were ob- 
tained, in accord with the data presented in Table I. No consistent 


Tasie II 
Comparison of Methods for Liberation of Vitamin By: 


Vitamin Bis potency 
Sample treatment* 
Beef liver Beef round 
7 per 100 gm. ¥ per 100 gm 
Cold water extract. .... a 26.2 0.83 
} hr. autoclaving, 15 lbs. pressure. mee 40.5 1.14 
5 min. ee 48 hrs. incubation...... 45.3 1.14 
Trypsin, 10 mg. 58.3 1.76 
30 55.5 2.01 
Pancreatin, 10 mg 51.8 1.66 
Chick pancreas, 10 mg... 48.2 
Bacterial enzyme (M-1)__ 50.6 1.86 
Taka-diastase, 10 mg... .. 48.5 1.77 
10 + bacterial ensyme 


* For details see the text. For the enzyme treatments, the samples were auto- 
claved for 5 minutes and incubated with the amount of enzyme indicated for 48 
hours. Each figure is an average of four to ten separate experiments. 


increase in the amounts of vitamin B,, liberated was shown when the 
levels of the enzyme preparations were increased from 10 to 30 mg. 

The results obtained for cold water extracts of fresh beef liver and beef 
round (Table II) were about one-half the values for the same samples 
after enzymatic treatment. When pancreatin or trypsin was used as the 
enzyme source, high blank values resulted, as these enzymes were good 
sources of vitamin B,-active compounds. A purified enzyme prepara- 
tion, crystalline trypsin, gave very low blanks but failed to release sig- 
nificantly higher amounts of microbiologically available vitamin B,, than 
the crude preparations. Therefore, it was concluded that, although the 
blank corrections were appreciable for the crude trypsin and pancreatin, 
the final assays for vitamin B,. were in accord with the data obtained 
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Autoclaving for 5 or 30 minutes at neutral pH in phosphate buffer re- 
sulted in near maximum release of vitamin B,: from meat in many cases, 
based on the results found on enzymatic treatment (Table II). This was 
particularly true for beef liver. In fact, in other studies conducted on 
rat liver, identical values for the vitamin B,: potency were obtained after 
5 minutes autoclaving and after tryptic digestion.2, Thus it would appear 
that the major portion of the vitamin B,, potency of tissues was available 
to the test organism after short time hot water extraction. 


TaB.e III 
Vilamin By: Potency of Various Meats 
Materials Sample No. | No. of analyses* Vitamin Biz potency 
| ¥ per 100 gm., fresh basis 
Beef liver 1 | 18 46.6 
2 18 54.4 
3 9 62.3 
4 ll 40.9 
“ kidney 1 ll 23.1 
2 10 14.8 
3 ll | 18.5 
* round 1 4 2.3 
2 20 1.8 
3 4 | 1.9 
4 13 1.3 
Pork tenderloin 1 19 1.6 
“« ham l 12 0.9 
Lamb shoulder chops 1 10 2.2 
“leg | l 5 | 3.2 
| 2 9 1.7 


* The values obtained by the use of the enzyme preparations tested (Table II) 
are included in this compilation since similar values were obtained by the enzymatic 
methods employed. 


Other studies were conducted to determine the vitamin B,. potency of 
these samples after alkali treatment, since this treatment has been shown 
to destroy vitamin B,, (4, 9). In tests in which no vitamin B,,; activity 
could be shown for vitamin B,,. treated with alkali, approximately 5 to 
10 per cent of the total activity of the meat samples tested remained after 
similar alkali treatment. This residual activity was presumably due to 
the presence of desoxyribosides. Other experiments, however, have shown 
that little, if any, reduction in the vitamin B,, potency of rat livers oc- 
curred after alkali treatment.2?, Consequently the values for vitamin By» 
potency have not been corrected for desoxyriboside activity until these 
observations are clarified. While enzymatic treatment showed a 2-fold 


* Unpublished data, Scheid, H. E., Marquette, Mona M., and Schweigert, B. 8. 
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increase in vitamin By, potency of a given tissue over that obtained with 
a cold water extract, no one enzyme preparation showed significantly 
superior increase in release of the measurable vitamin activity. Trypsin 
was used as the enzyme source in subsequent studies. 

Beef liver, round, kidney, pork loin, ham, lamb shoulder, and leg have 
been assayed with use of the medium and liberation techniques discussed; 
the results are given in Table II[. In the case of beef liver, kidney, 
round, and lamb, different samples have been studied and it can be seen 
that the vitamin B,, potency varied somewhat from one sample to an- 
other. These values are in general agreement with those obtained by 
other workers (5, 7, 15) except for fresh liver. Lewis etal. (15) and 
Thompson et al. (5) found the vitamin B,, content of beef kidney to be as 
high as that of beef liver when assayed with the rat and when assays were 
conducted with L. leichmannii. In the present studies and others with 
the rat assay beef liver was found to contain approximately twice the 
vitamin B,,. potency reported by these workers (5,7, 16). Further studies 
on the comparison of the rat and microbiological assays are being con- 
ducted. 


SUMMARY 


A series of experiments was conducted with the use of various media 
and techniques to develop a more uniform assay for determining the vi- 
tamin By. potency of animal tissues. Lactobacillus leichmannii 327 was 
used as the test organism. An amino acid medium that contained 2 mg. 
of thioglycolic acid was found to be satisfactory and the results obtained 
by this procedure were comparable to those obtained when aseptic ad- 
ditions or Seitz filtration techniques were used. 

Various methods for liberating vitamin B,, from animal tissue were 
investigated. Similar values were obtained with the use of pancreatin, 
trypsin, crystalline trypsin, taka-diastase, chick pancreas, or bacterial 
preparations. 

The values for liver were essentially the same when cither short term 
autoclaving or enzymatic treatments were used, which indicated that the 
major portion of the vitamin B,,-active compounds was available to the 
test organism after short term heating. 

The vitamin B,, potency of several meat samples was determined. 
Liver was shown to contain approximately 25 times and kidney approxi- 
mately 10 to 15 times as much vitamin B,, activity as pork, beef, or lamb 
muscle. 
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No pure substance with coenzyme A (CoA) activity has yet been iso- 
lated despite the great biochemical importance of CoA and the expendi- 
ture of much time and effort in several laboratories (1-4). Previous work 
in this laboratory (3) has, therefore, been continued. It was considered 
essential to develop a cheap, practical, large scale procedure for prepara- 
tion of preliminary concentrates, which would serve both as a source of 
CoA for biochemical studies and as a starting point for further purification. 

A promising lead in this direction was uncovered by the discovery that 
an intermediate fraction from the preparation of triphosphopyridine nu- 
cleotide (TPN) according to the procedure of LePage and Mueller (5) 
contained CoA in relatively high concentration. This fraction was the 
crude nucleotide mixture precipitated by acetone from charcoal eluates 
derived from aqueous extracts of fresh hog liver (5). Use of this pro- 
cedure, with minor modifications, has made possible the preparation of 
some 260 gm. of a stable, dry, light colored powder containing approxi- 
mately 1 per cent of pantothenic acid (PA). This product will be desig- 
nated Fraction A. None of the PA in this fraction was free, and essen- 


* Published with the approval of the Director of the Wiseonsin Agricultural 
Experiment Station. Supported in part by grants from the Division of Research 
Grants and Fellowships of the National Institutes of Health, United States Public 
Health Service. Presented in part at the Fifteenth annual meeting of the Ameri- 
ean Institute of Nutrition, Cleveland, May, 1951. 

t Postdoctorate Fellow of the United States Public Health Service, on leave 
from Oregon State College, 1949-50. 

t Traveling Fellow of the Rockefeller Foundation, on leave from Oregon State 
College, 1949-50. 
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tially all of it was present in a CoA-active form as judged by its ability 
to promote acetylation of aromatic amines. 

This material has been subjected to a variety of further fractionation 
procedures, most of which led either to large losses of activity or to only 
small increases in purity. Of the procedures tried, solvent distribution 
gave the greatest purification. 


EXPERIMENTAL 


Analytical Methods—CoA activity was determined both by sulfanilamide 
acetylation (6) and by the modified acetylation method of Handschu- 
macher et al. (7). Recently a transacetylation test suggested by Ochoa’ 
has also been used. This assay was based on the CoA-dependent destruc- 
tion of acetyl phosphate by arsenolysis in the presence of bacterial trans- 
acetylase (8-10), the disappearance of the acetyl phosphate being followed 
by the hydroxamic acid method of Lipmann and Tuttle (11). Nearly all 
the fractions have also been assayed for free and total PA with Lacto- 
bacillus arabinosus, as previously described (3, 12). Except where other- 
wise indicated, PA values refer to bound, CoA-active PA. Purity of the 
various fractions is expressed as the percentage of PA present on the dry 
basis or as Lipmann CoA units per mg. of dry weight. 1 Lipmann unit 
is considered equivalent to 0.65 7 of PA (13). Consequently, the per- 
centage of PA is equal to Lipmann units per mg. divided by 15. The 
CoA purity should be about 4 times the PA purity based on a molecular 
weight of 800 + 50 for CoA (14). 


Preparation of Fraction A 

The procedure of LePage and Mueller (5) was followed exactly through 
the precipitation of the charcoal eluate with acetone. The precipitate 
was collected by centrifugation, rubbed up with acetone, and centrifuged 
several times until it became granular, and was finally dried in vacuo at 
room temperature. A typical flow sheet for one of the more successful 
preparations (Preparation 2, Table I) is given. This procedure has been 
applied to approximately 3000 pounds of hog liver, in batches ranging from 
about 10 to 400 pounds each.2. A summary of most of the runs made is 
presented in Table I. 

Although somewhat variable, the yields and potency of Fraction A were 
reasonably satisfactory except for three runs. The very low yields in 
these cases were traced to the use of a particular lot of Nuchar C-190, 


1S. Ochoa, New York University, private communication. 

? Most of the large scale preparations were carried through the charcoal adsorp- 
tion stage at The Wilson Laboratories, Chicago. This assistance, and particularly 
that of Dr. Stanley Hier, is gratefully acknowledged. 
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which held the activity too tightly to permit elution. This lot was of a 
finer mesh size than batches previously used, but was thought to be other- 
wise comparable. 


Preparation of CoA Concentrate from Hog Liver 
Fresh, trimmed livers, 86 Ibs. 


1. Divided into 2 portions for grinding, 
heating, and cooling (5) 

2. Filtered through cheese-cloth and 
sparkler filter 


Combined filtrate, 100 liters (1365 mg. PA, 4% free, 
| 1120 mg. CoA-active PA (7)) 


1. Divided into 2 portions 
2. Each portion treated with 260 gm. 
Nuchar C-190 carbon 


| 
Combined charcoal Filtrate (550 mg. PA, 31% free, 350 
(diseard) mg. CoA-active PA) 


1. Elute with 5200 ml. 10 % pyridine 
in water 

2. Extract eluate with 2 X 1.5 liters 
chloroform 


| 
| Chloroform Aqueous eluate (328 mg. PA, none free, 365 mg. 
(diseard) CoA-active PA) 
1. HNO, to pH 2 
. 5 volumes acetone, overnight at 5° 


Supernatant (113 mg. PA, 16% free, 36.5 


Ppt. (discard) mg. CoA-active PA) 
1. Washed with acetone 


2. Dried in vacuo 
Pale buff powder, 12.46 gm. (200 mg. PA, none free, 200 mg. CoA-active PA) 


In a preliminary study of the charcoal adsorption step, it was found that 
adsorption was equally good from the liver filtrate at any pH between 2.0 
and 6.5, but that the latter value permitted better subsequent elution and 
precipitation with acetone. In one trial, preliminary deproteinization of 
the filtrate with trichloroacetic acid resulted in poorer adsorption. CoA 
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adsorbed on charcoal was found to be stable at least for several days at 
room temperature. Water saturated with phenol at room temperature 
was as good an eluant as 10 per cent pyridine. Study of the adsorption 
and elution of CoA on various carbons is being continued. 

Attempts were made to substitute other adsorbents for carbon in the 
preparation of Fraction A. It was found that silicic acid,’ Silene-EF 
(a hydrated calcium hydrogen silicate),‘ Hi-sil,‘ and Florex-XXX (an ac- 
tivated Florida fullers’ earth)* adsorbed 60 to 90 per cent of the CoA 
activity from boiled aqueous liver extracts, but that negligible amounts 


Taste 
CoA Concentrates Obtained from Aqueous Liver Extracts by Charcoal Adsorption 


Preparation No. Liver used Acetone ppt., — 

lbs. gm. per cent units per mg me. 

1 31 4.8 1.6 24 246 
2 86 12.5 1.6 24 232 
3 86 7.9 2.0 30 185 
4 172 19.8 1.5 22.5 174 
5 86 9.3 0.9 | 18.5 97 
6 86 11.6 0.55 8.2 74 
7 86 19.4 0.2 | 3.7 56 
8 72 9.9 1.2 18 171 
9 400 40.9 1.4 21 135 
10 400 47.0 0.9 13.5 97 
11 486 50.0 0.25 3.7 26 
12t 963 30.3 0.95 14.3 3 


* Expressed as per cent of total PA on the dry basis or as Lipmann units per mg. 
of dry weight. Substantially all of the PA present appeared to be in the CoA- 
active form. 

t Expressed as mg. of total PA. 

t Two runs combined. 


were removed by elution with 4 per cent aqueous ammonia. Florisilé 
adsorbed less than half of the activity from extracts at pH 6.5. Adsorp- 
tion on Florisil was better at pH 2, but elution in each case was poor both 
with aqueous ammonia and aqueous pyridine. Since the results with these 
silicate type adsorbents did not appear promising, no further efforts were 
made to use them for the preliminary purification of CoA. 

Composition of Fraction A—The suitability of concentrates such as Frac- 
tion A as a source of CoA for other biochemical investigations will in 


* Merck, reagent grade. 
‘ Pittsburgh Plate Glass Company, Columbia Chemicals Division, Barberton, 


Ohio. 
‘Obtained from the Floridin Company, Inc., Warren, Pennsylvania. 
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general depend to an important degree on the presence or absence of 
various B vitamins and coenzymes in the preparations. In order to ob- 
tain some information along this line, typical samples were analyzed for 
the components listed in Table II. Only the pyridine nucleotides, of 
those determined, were present in appreciable amounts. 


Further Purification of Fraction A 


Barium Salt Fractionation—A sample of Fraction A (230 mg. contain- 
ing 3.68 mg. of PA; purity 1.6 per cent) was suspended in 5 ml. of water, 


Il 
Components of Coenzyme A Concentrate 


Bibliographic 
Preparation No.* Component Amount found endictiaiadied 
used 
per cent 
4 Total pyridine nucleotides 10.6 (15) 
9 ee “ 6.9 (15) 
4 TPN 7.8 (5) 
“ 4.9 (5) 
4 | Flavin-adenine dinucleotide 0.36 (16) 
9 | o ee 0.44 (16) 
4 | Cocarboxylaset <1.5 
per gm. 
4 | Biotin <0.5 (17) 
4 “Vitamin Bs 30 (18) 
4 a By 0.9 (19) 


* The numbers refer to preparations listed in Table I. 
t Determined by I. C. Gunsalus. 


about 50 mg. of insoluble, inactive material were centrifuged, and the 
supernatant was treated with 1 ml. of 25 per cent aqueous barium acetate 
solution. The mixture was adjusted to pH 6, the water-insoluble barium 
salts removed, and the filtrate diluted with 3 to 4 volumes of ethanol. 
The precipitate was twice reprecipitated with ethanol from water solution 
and was finally obtained as a white powder weighing 72 mg. and contain- 
ing 2.17 mg. of bound PA (yield 59 per cent; purity 3.0 per cent). 

Ion Exchange—It has been observed repeatedly that the CoA activity 
of Fraction A and similar concentrates is not held to an important degree 
by cation exchange resins, but is bound by anion exchangers. A typical 
run with each type of exchanger is summarized in Table III. Recoveries 
from the anion columns were fairly good, although never complete, but 
the purity on the dry basis was not increased. This was at least partly 
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due to salts introduced during elution. Recovery from cation columns 
was good, and purity values were increased about 1.5- to 2-fold. Similar 
results were obtained with Amberlites IR-4B and IR-100, respectively. 

Florisil Columns—Florisil appeared to be a more useful adsorbent for 
partially purified CoA preparations than for crude liver extracts. Adsorp- 
tion was essentially complete when an aqueous solution of Fraction A ad- 
justed to pH 2 was passed through a 60 to 100 mesh Florisil column pre- 
viously washed with water acidulated to pH 2. Elution with 3 per cent 
pyridine in water was quantitative. However, the adsorbent was dis- 
solved to an appreciable extent under the acidic conditions used. 


Taste III 
Behavior of CoA Concentrates toward Ion Exchange Resins 


Type of exchanger 


= 


Anion; Dowex-1 (CI- form) 


Percolation rate, ml. per min.......... 1.5 0.8 
Sample volume and pH............ Sea 50 ml., pH 7.4 80 ml., pH 6.6 
é 2300 


Ki 

ap 

cle 

he 

pe 

in 

Bed dimensions, mm.................. 7X 2 10 X 15 ins 
jus 

ha 

Ou: 


79 87.5 an 


a The purity increased from 1.4 to 2.7 per cent. ali 


¢t Column washed with 50 ml. of 0.01 x HCl, followed by 50 ml. of a solution 0.01 ph: 
nN in HCl and 0.02 n in NaCl. am 
t Elution accomplished with 50 ml. of a solution containing 0.01 equivalent of ace 
HCl and 0.2 equivalent of NaCl per liter. sol 


Florisil columns adsorbed practically no CoA from neutral solutions of d 
Fraction A, but in some cases did retain considerable amounts of im- | 4¢ 
purities. Thus, when 0.9 gm. of Preparation 10 (Table I) dissolved in | sol 
180 ml. of water was adjusted to pH 7, passed through a 20 K 100 mm. | ©Or 
column of 30 to 60 mesh Florisil, and the column washed with 40 ml. of | vol 
water, 97 per cent of the PA in the sample was recovered in the effluent | sen 
and washings, and the purity was increased from 0.9 to about 1.6 per cent. = 

obt 


Subsequent elution of the column with 10 per cent aqueous pyridine re- 
moved considerable amounts of fluorescent material, probably flavin de- 
rivatives. Use of such columns would probably offer a convenient means | Per 
of separating CoA from FAD. 

Readsorption on Charcoal—The charcoal column procedure of LePage 
and Mueller (5) gave poor over-all recoveries of activity (30 to 40 per cent) l 
and resulted in only about a 2-fold increase in purity when applied to 
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several samples of Fraction A. The chief difficulty appeared to lie in the 
elution step. On the other hand it was possible to obtain a somewhat 
better concentration by using charcoal for the selective adsorption of the 
impurities. For example when a solution of 200 mg. of Preparation 8 
(Table I) in 120 ml. of water was adjusted to pH 5.5 and stirred with 200 
mg. of Nuchar C-190, 62 per cent of the CoA activity remained in the 
solution after filtration, and the purity was increased from 1.2 to 2.7 per 
cent. 

Solvent Distribution—The amy] alcohol-octadecylamine system of Plaut, 
Kuby, and Lardy (20), for distribution of organic phosphate esters, proved 
applicable to the concentration of CoA. The separation from other nu- 
cleotides was sufficiently sharp so that only two or three extractions were 
needed to effect a 3- to 4-fold increase in PA content. In a typical ex- 
periment 1 gm. of Fraction A (containing 1.6 per cent PA) was dissolved 
in 40 ml. of water and freed by centrifugation from the small amount of 
inactive insoluble matter which it contained. The supernatant was ad- 
justed to pH 4.85 and mixed with 10 ml. of 0.1 M citrate buffer, which 
had previously been equilibrated at pH 4.85 with a 5 per cent solution of 
octadecylamine in n-amyl alcohol. To this aqueous mixture was added 
50 ml. of the amine-alcohol solution (saturated with buffer). After vigor- 
ous shaking for 1 to 2 minutes, the system was centrifuged at low speed 
and the amine layer was withdrawn and reextracted twice with 30 ml. 
aliquots of fresh buffer. The CoA was then released into an aqueous 
phase by extracting the amine with 20 ml. of 1.1 per cent NH,OH. The 
amine was discarded, and the aqueous extract was neutralized with glacial 
acetic acid and extracted twice with ether to remove the bulk of the dis- 
solved amine and amy! alcohol. 

After adjusting the pH to 7.4 and adding 10 ml. of 0.1 M ammonium 
acetate buffer saturated with the alcohol-amine system (at pH 7.4), the 
solvent extraction was repeated. After the CoA-amine salt had been de- 
composed with NH,OH, the final aqueous extract was treated with 5 
volumes of cold acetone and centrifuged. The centrifugate was thus es- 
sentially freed from traces of amine and the bulk of the inorganic salts, 
which remained in solution. When the centrifugate was dissolved in 10 
ml. of water and dried from the frozen state, 48 mg. of a product were 
obtained containing 3.4 mg. of bound PA (yield 21 per cent; purity 7.1 
per cent). 


DISCUSSION 


Preparation of Fraction A—It was necessary to select as the starting 
material only firm, small livers, and to avoid those from old sows, which 
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are likely to be large, fatty, light colored, and friable. The latter were 
found to be low in PA and yielded very cloudy filtrates, unsuitable for 
charcoal adsorption. The livers were trimmed of excess fat, but were 
otherwise kept intact and were chilled on crushed ice from the time of 
collection at the slaughter-house until they could be extracted with hot 
water (5). Autolytic destruction of CoA is not extensive during a period 
of 1 to 2 hours under these conditions. 

In order to simplify the filtration process it was found desirable to grind 
the livers through rather large holes, approximately } to ? inch in di- 
ameter. Ice was added to the hot extraction mixture as recommended 
(5), but this is probably unnecessary unless TPN is also desired, since 
CoA is stable at 90—-100° in approximately neutral solutions. After the 
bulk of the solids was removed (5), the extract was passed through a small 
filter press* precoated with a diatomaceous filter aid.? The more active 
filtrates had a yellowish brown cast and were only faintly cloudy (trans- 
parent through at least 5 cm.). Tap water was used for the extraction. 

Separation of the charcoal adsorbate was greatly facilitated by using a 
rather coarse charcoal® and allowing the mixture to settle for 1 to 2 hours. 
The bulk of the fluid could then be siphoned or decanted with negligible 
losses, and the carbon collected on large Biichner funnels. 

The great variation in the yields of Fraction A (Table I) emphasizes 
the necessity of using a charcoal which will permit satisfactory elution. 
The present results show that such charcoals exist, but indicate that the 
suitability of each new lot must be separately determined for this specific 
purpose. Although the over-all yield has never exceeded 10 to 15 per 
cent, the method described nevertheless offers a convenient and practical 
way of obtaining a highly potent CoA concentrate in relatively large 
amounts and at a total expenditure of not over 2 days time. The low 
over-all yield is attributable in large part to incomplete adsorption on 
and elution from the charcoal (see scheme). A certain amount of free PA 
and bound PA not in a CoA-active form also is present in various side 
fractions. The latter is especially abundant in the final acetone super- 
natant (see scheme). These are probably to be regarded mainly as degra- 
dation products of CoA, since nearly all of the PA in strictly fresh liver 
is present in a CoA-active form (3, 12, 13). 

Further Purification of Fraction A—A wide variety of other fractiona- 
tion procedures based on fundamentally different principles has been ap- 
plied to Fraction A and to other concentrates prepared previously (3). 
With very few exceptions, no procedure has yielded a single fraction con- 


*A sparkler filter, model 8-6 (Sparkler Manufacturing Company, Mundelein, 
Illinois) was used. 

7 Celite 503, Johns-Manville, Chicago. 

§ Nuchar C-190, “‘unground,’’ approximately 20 to 60 mesh. 
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taining all, or nearly all, of the CoA activity, but instead the activity as 
a rule has divided itself among several fractions. This behavior suggests 
that the CoA activity of the original liver may well be due not to a single 
chemical substance but to several substances, each measured as CoA by 
the analytical methods currently in use. 

Several other lines of evidence also point to the multiple nature of 
CoA. Solvent distribution studies indicating the existence of at least 
two forms have already been reported (3). Similarly, in the present work 
distribution with the amine solvent system (20) has split the activity of 
many of the Fraction A samples tested into relatively amine-soluble and 
amine-insoluble fractions. Lactobacillus bulgaricus factor (LBF) concen- 
trates from natural sources, when subjected to paper chromatography, 
give rise to as many as seven zones showing LBF activity (21-23). It 
is likely that at least some of these represent mixed disulfides produced 
by combination of the reduced, —SH form of LBF with other biologically 
common —SH compounds such as cysteine and reduced glutathione (24). 
Since LBF (25) has been demonstrated to be a part of the CoA molecule 
(26, 27), similar considerations may also be applicable to the coenzyme. 
Still another possible form of CoA is the acetyl derivative, which Lynen 
and Reichert claim to have extracted in an impure state from actively 
respiring yeast (28).° The fundamentally different forms of CoA are prob- 
ably the reduced —SH form, the oxidized S—S form (of which a series 
of mixed types may exist), and the acetyl derivative. 

Indications of more than one form would also result from any CoA 
fragments capable of showing activity in the acetylation assays (6, 7) 
because of resynthesis to the intact molecule during the test. LBF, for 
example, has been shown to produce a limited amount of CoA activity 
under favorable conditions (27). Such resynthesis would not be expected — 
in the transacetylase assay, since no ATP is involved. It has in fact been 
found that LBF is completely inactive and that various CoA concentrates 
are somewhat less active for this test than for acetylation of aromatic 
amines. 

For all these reasons it seems most probable that liver extracts, and 
perhaps other natural materials, contain not one but a group of panto- 
thenic acid derivatives which possess CoA activity to varying degrees. 


SUMMARY 


Coenzyme A (CoA) concentrates have been prepared from hog liver 
on a relatively large scale by a charcoal adsorption process. The yield 


* No acetyl derivative has been detected in the CoA concentrates obtained dur- 
ing the present work, since all samples tested without adenosine triphosphate (ATP) 
failed to show activity in the acetylation test (7). 
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of the product, which contained about 1 per cent of bound pantothenic 
acid (probably corresponding to about 4 per cent of CoA), depended 
greatly on the particular charcoal used. A wide variety of further frac- 
tionation procedures was applied to such concentrates, but relatively little 
additional purification resulted. The possible existence of a group of CoA- 
active substances is discussed. 
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EFFECT OF NICOTINIC ACID AND TRYPTOPHAN ON 
PYRIDINE NUCLEOTIDES OF RED BLOOD 
CELLS IN MAN* 


By MARY DUNCAN anp HERBERT P. SARETT 


(From the Nutrition Research Laboratory, Departments of Medicine 
and Biochemistry, Tulane University School of Medicine, 
New Orleans, Louisiana) 


(Received for publication, July 9, 1951) 


It has been shown that tryptophan can prevent or alleviate nicotinic 
acid deficiency in the rat (1), human (2, 3), and in other animals (4-9). 
Conversion of tryptophan to nicotinic acid has been demonstrated by 
increased urinary excretion of nicotinic acid metabolites following ad- 
ministration of tryptophan supplements (3, 6, 9-14) and by isotopic tech- 
niques (15). 

Administration of nicotinic acid in man has been shown to result in an 
increase in the level of pyridine nucleotides in the red blood cells (16, 17). 
In the rat, injection of either nicotinic acid or tryptophan also leads to a 
rise in the pyridine nucleotide content of the erythrocytes (18). 

The present study was undertaken to determine the effect of the ad- 
ministration of tryptophan on the level of pyridine nucleotides (PN) in 
the red blood cells in man and to compare it with the findings obtained 
after supplements of nicotinic acid were given. 


EXPERIMENTAL 


The experiments were carried out in the following three subjects: Sub- 
ject 1, (M. D.) female, age 27, weight 57 kilos; Subject 2, (U. D. R.) male, 
age 31, weight 82 kilos; and Subject 3, (H. P. S.) male, age 35, weight 75 
kilos. 

Nicotinic acid and tryptophan supplements were administered orally 
as described below, and samples of blood taken for fluorometric measure- 
ment of pyridine nucleotides (19) and microbiological assay of free trypto- 
phan or total nicotinic acid. Samples of blood were autoclaved in 1 N 
sulfuric acid solution for 1 hour and analyzed for total nicotinic acid with 
Lactobacillus arabinosus (20). Free nicotinic acid was considered to be 

* The data herein were taken, in part, from a thesis submitted by Mary Duncan 


to the Graduate School of Tulane University in partial fulfilment of the require- 
ments for the degree of Master of Science. This work was supported by grants 
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the difference between the total nicotinic acid and that bound as PN, 
The method of Seligson et al. (21) was applied to the measurement of free 
tryptophan in whole blood with the medium and organism employed in 
nicotinic acid assay (20) as adapted for tryptophan measurement (13). 
Nicotinic acid and tryptophan values are expressed as micromoles per 
ml. of whole blood. 

The acetone method of Levitas et al. (19), used for measurement of PN, 
is specific for quaternary pyridine derivatives of nicotinamide and is known 
to give fluorescent reaction products with triphosphopyridine nucleotide 
(TPN), diphosphopyridine nucleotide (DPN), nicotinamide mononucleo- 
tide (NMN), nicotinamide riboside (NR), and N'-methylnicotinamide 
(N'-Me). The earlier workers considered that the increased PN found 
in the red blood cells after incubation with nicotinic acid consisted mainly 
of DPN, since the material was active as factor V for Hemophilus para- 
influenzae and could function as the coenzyme in apozymase fermentation 
(16, 17). Leder and Handler have shown that NMN is also active in the 
apozymase assay after a lag period and gives the same molecular fluores- 
cence as DPN in the acetone reaction (22). Upon incubation of red blood 
cells with nicotinamide in vitro, the increased PN, as determined fluoro- 
metrically, was identified as 75 to 90 per cent NMN and the remainder 
as DPN. Since the increase in PN found in experiments in vivo has not 
been characterized, the values in the present paper are expressed as mi- 
cromoles of PN per ml. of packed red blood cells or per ml. of whole blood. 
The hematocrit was determined in each blood sample and is represented 
as an average value in each experiment. 

Levitas et al. (19) found the fluorescence produced by 1 7 of DPN to 
be 0.4 of that given by 1 7 of N'-Me and showed that PN measurements 
could be made with a standard of N'-Me and this conversion factor. In 
this laboratory the fluorescence obtained with two preparations of DPN 
(Sigma 84 per cent pure, and Schwarz 60 per cent pure) was compared 
with that found when an N'-Me standard in aqueous solution, in trichloro- 
acetic acid solution, and in recovery experiments with blood filtrates is 
used. The readings for 1 y of DPN were found to average 0.24 of those 
obtained with | 7 of N'-Me under all conditions tested (Coleman photo- 
fluorometer, model 12A). PN values for human red blood cells obtained 
with an N'-Me standard and this conversion factor agree with those re- 
ported previously (16, 19, 23) and with the values calculated from the 
total nicotinic acid content of whole blood as measured by microbiological 
assay in this laboratory. 

In studying the effects of nicotinic acid administration on PN values in 
the red blood cells, 1 gm. of nicotinic acid was taken orally with breakfast 
after a basal blood sample had been drawn. Subsequent blood samples 
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were taken every 2 hours for 14 hours and at longer intervals throughout 
the following 36 hours. PN and total nicotinic acid were determined on 
each sample. In one experiment the 1 gm. dose of nicotinic acid was 
given in two parts, half in the evening with dinner and half the following 
morning. The unpleasant side reactions accompanying nicotinic acid in- 
gestion were increased by this procedure, and, since no additional infor- 
mation on PN synthesis could be obtained in this way, the nicotinic acid 
was given in a single dose in subsequent experiments. 

A 10 gm. pt-tryptophan' supplement was given to each of the three 
subjects, since it was shown in preliminary experiments that this amount 
would yield results comparable to those obtained with 1 gm. of nicotinic 
acid. The tryptophan was taken with dinner or later in the evening with 
a little food, and blood samples were drawn for analysis at suitable inter- 
vals thereafter. 

The effect of diurnal variation on the erythrocyte PN level was studied 
in Subject 1. Blood samples taken at intervals from 9.30 a.m. to 9.30 
p.m. were found to contain 0.126, 0.125, 0.129, 0.127, and 0.131 um of PN 
per ml. of packed cells. The subjects remained on their usual diets during 
the course of the experiments and an interval of at least 4 weeks was al- 
lowed between experiments in each subject. 


Results 


Preliminary experiments set up to determine suitable conditions for the 
comparison of the effects of nicotinic acid and tryptophan administration 
upon the level of PN in the red blood cells of Subject 1 are shown in Figs. 
land 2. The PN level in the red blood cells reached a peak of almost 
0.18 um per ml. after administration of either a single 1 gm. dose of nico- 
tinic acid or two 0.5 gm. supplements given 14 hours apart (Fig.l). A 
small increase in the level of PN in the red blood cells resulted after the 
administration of a supplement of 5 gm. of pL-tryptophan and a larger 
increase, similar in amount to that observed after 1 gm. of nicotinic acid, 
was obtained after 10 gm. of pL-tryptophan (Fig. 2). 

The changes in concentration of PN in the red blood cells following 
administration of 1 gm. of nicotinic acid to Subjects 2 and 3 were found 
to be similar to those observed in Subject 1 (Fig. 3). In all three sub- 
jects, the PN values started to increase 4 hours after the nicotinic acid 
was given and reached a peak within 10 hours. There was a rapid dis- 
appearance of most of the extra PN in the ensuing 4 hours and the basal 
level was reached about 30 hours after the nicotinic acid was given. 


‘ pt-Tryptophan was generously furnished by the Medical Research Department, 
Winthrop-Stearns Chemical Company, Inc., through the courtesy of Mr. Kenneth 
Smoot. 
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The administration of 10 gm. of pi-tryptophan to Subjects 2 and 3 
resulted in an increase in concentration of PN in the red blood cells, simi- 
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Fic. 1. Effect of administration of nicotinic acid on concentration of PN in red 
blood cells of Subject 1 (hematocrit, 40 per cent). Curve I shows PN values after 
a single 1 gm. dose of nicotinic acid; Curve II, PN values after two 0.5 gm. doses 
given 14 hours apart. 

Fig. 2. Effect of size of pi-tryptophan supplement on concentration of PN in 
red blood cells in Subject 1. Curve I shows PN values after 5 gm. of pi-trypto- 
phan (hematocrit, 44 per cent); Curve II, PN values following 10 gm. of pi-trypto- 
phan (hematocrit, 40 per cent). 
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Fic. 3 4 
Fic. 3. Effect of administration of 1 gm. of nicotinic acid on concentration of 
PN in red blood cells in Subjects 1, 2, and 3 (hematocrit values, 40, 48, and 47 per 
cent respectively ). 
Fic. 4. Effect of administration of 10 gm. of pi-tryptophan on the level of PN 
in red blood cells in Subjects 1, 2, and 3 (hematocrit values, 40, 48, and 47 per cent, 
respectively ). 


lar to that found in Subject 1 (Fig. 4). The PN values showed an increase 
about 14 hours after tryptophan was given and attained the highest levels 
at 18 to 20 hours. A rapid decrease in PN levels occurred between 20 
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and 24 hours and a slower rate of disappearance was found in the ensuing 
8 to 12 hour period. The maximum increases in PN concentration, found 
10 hours after 1 gm. of nicotinic acid was given, were of the same order of 
magnitude as those observed 18 to 20 hours after 10 gm. of pL-tryptophan 
were administered (Figs. 3 and 4). The PN curves for each subject fol- 
lowed the same pattern in both experiments. 

The increases in PN concentration in the red blood cells following the 
nicotinic acid and tryptophan supplements varied in the three subjects 
and were greater in Subject 1, female, whose hematocrit and body weight 
were lower than those of the two male subjects. When the PN values 
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Fic. 5. Effect of administration of 1 gm. of nicotinic acid on concentration of 
total nicotinic acid and that bound as PN in whole blood. Free nicotinie acid 
was calculated as the difference between total nicotinic acid and that bound as 
PN (Subject 3; hematocrit, 47 per cent). 

Fic. 6. Effect of administration of 10 gm. of pi-tryptophan on concentration of 
free tryptophan in whole blood compared to changes in PN concentration (Sub- 
ject 1; hematocrit, 40 per cent). 


were expressed as micromoles per ml. of whole blood, the maxima reached 
by Subject 1 were lower than those attained by Subjects 2 and 3. The 
differences in the extent of the increase in PN concentration in the red 
blood cells in the three subjects may be related to body weight, total blood 
or red cell volume (hematocrit), state of nutriture of the subjects, or sex. 

The total nicotinic acid content of whole blood was measured after ad- 
ministration of nicotinic acid to the three subjects and compared with the 
bound nicotinic acid as calculated from the PN assays. The findings in 
Subject 3 are similar to those in the other subjects (Fig. 5). The free 
nicotinic acid (or nicotinamide) has been considered to be the difference 
between the total nicotinic acid and that bound as PN. The highest level 
of free nicotinic acid was probably attained before the 2 hour blood sample 
was taken. Practically no free nicotinie acid could be detected in the 
blood when the level of PN reached its peak at 10 hours, and, following 


3 
ni- 

@ 

0.08 2 0.06 

= 0.02 = 0.02 

a a 

0.00 

HOURS 

of 
s 


322 PYRIDINE NUCLEOTIDES IN RED BLOOD CELLS 


this, a small amount appeared to be present until the PN level returned 
to normal. 

The effect of administration of 10 gm. of pL-tryptophan on the free 
tryptophan and the PN content of whole blood is shown in Fig. 6. After 
an initial rise, the level of free tryptophan decreased almost to normal 
before the PN value reached its peak. The free tryptophan value fell 
below the basal level before returning to normal in all three subjects. 


DISCUSSION 


The PN level of the red blood cells in man appears to be increased to 
about the same extent after administration of either a 1 gm. nicotinic 
acid or a 10 gm. pL-tryptophan supplement. Since p-tryptophan is not 
utilized for nitrogen balance in man (24), 5 gm. of L-tryptophan seem to 
be equal to 1 gm. of nicotinic acid for the formation of PN in the red blood 
cells. A similar ratio can be calculated from the increase in PN levels of 
the erythrocytes in the rat after injection of nicotinic acid and tryptophan 
(18). Studies on rat growth (25) and calculations based on urinary ex- 
cretion in man (12, 13) suggest that only 2 to 3 per cent of the added 
tryptophan is converted to nicotinic acid. 

The suggestion of Williams ef al. (26, 27) that “dietary tryptophan 
plays a much more important réle than dietary niacin in the synthesis of 
rat liver pyridine nucleotides” does not appear to be in accord with the 
present findings on the effects of nicotinic acid and tryptophan on the 
PN of the red blood cells in man or those in the rat (18). Williams et al. 
(26, 27) measured liver PN after administering supplements of nicotinic 
acid, tryptophan, or nicotinic acid plus tryptophan to rats maintained on 
diets either lacking in tryptophan or completely devoid of protein. They 
found a higher concentration of PN in the liver after addition of trypto- 
phan than of nicotinic acid. The interpretation of their findings is diffi- 
cult, since the effects of nicotinic acid were tested on a diet lacking in 
tryptophan, an essential amino acid. Their results appear to show a dif- 
ference in storage of PN in the liver rather than in synthesis of PN, since 
it has been demonstrated that rats receiving a diet low in protein are 
unable to incorporate both nicotinic acid and riboflavin into the liver, 
even when a liberal intake of B vitamins is provided (28). 

Although the values for PN in the red blood cells as measured fluoro- 
metrically (19) may include DPN, TPN, NMN, and NR, it has been 
shown that the increase in PN found after incubation of red blood cells 
with nicotinamide in vitro consists of 75 to 90 per cent NMN and the 
remainder as DPN (22). The components of the increased erythrocyte 
PN found after supplements of nicotinic acid or of tryptophan in man 
have not been characterized. The nucleotides formed in these studies 
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in vivo may differ from those found after incubation in vitro with nicotin- 
amide and may also show that the products of tryptophan and nicotinic 
acid administration differ. 

In the present experiments, the rise in the PN concentration of the red 
blood cells reached its peak about 10 hours after oral administration of 
nicotinic acid and about 19 hours after tryptophan was given. The 9 
hour delay is apparently related to the time necessary for conversion of 
tryptophan to nicotinic acid or a similar precursor of PN and may also 
reflect differences in rate of absorption of tryptophan and nicotinic acid 
in the intestine. Intestinal bacteria appear to have no effect upon the 
conversion of tryptophan to nicotinic acid compounds in man (29). In 
the rat the highest level of PN in the red blood cells was found 4 hours 
after injection of nicotinic acid and 8 to 10 hours after the injection of 


tryptophan (18). 
SUMMARY 


The changes in the concentration of pyridine nucleotides (PN) in the 
red blood cells have been studied after oral administration of nicotinic 
acid and pi-tryptophan in man. Findings in the three subjects tested 
were essentially the same. The increases in erythrocyte pyridine nucleo- 
tides after 1 gm. of nicotinic acid were approximately equal to those ob- 
served after 10 gm. of pi-tryptophan. 

In all subjects the level of pyridine nucleotides in the red blood cells 
reached a peak approximately 10 hours after nicotinic acid administration, 
and 18 to 20 hours after tryptophan was given. The decline in pyridine 
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THE VERATRINE ALKALOIDS 


XXXII. THE ISOMERIC FORMS OF CEVINE, GERMINE, AND 
PROTOVERINE 
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(From the Laboratories of The Rockefeller Institute for Medical Research, New York, 
New York) 


(Received for publication, May 31, 1951) 


The highly hydroxylated tertiary veratrine base cevine (1), CnHgOsN, 
its isomer germine (2), and the companion base protoverine (3), CnHgO,N, 
have been assumed, from earlier work, to possess one point of unsatura- 
tion. Although this was not directly demonstrated by hydrogenation 
with platinum oxide (except with cevine and nickel), on reduction with 
sodium in butanol apparent dihydro bases were obtained. On the other 
hand, the isomeric substances isogermine and isoprotoverine were readily 
hydrogenated to what were also assumed to be dihydro bases. From the 
failure to prepare an oxime from cevine (1) by the usual procedure with 
hydroxylamine hydrochloride and sodium acetate and because of the un- 
eventful character of its ultraviolet absorption spectrum, the presence of a 
carbonyl group as such appeared excluded. However, an enolized carbonyl 
was considered to explain the formation from the quaternary salt cevine 
methiodide with alkali of an apparent internal salt CysH,sOsN, which from 
pH measurements was found to be completely dissociated like an am- 
monium base when half neutralized with HCl. The number of hydroxy! 
groups reported with each of the natural bases was indicated by the 
Tschugaeff-Zerewitinoff determinations, although this procedure is of 
doubtful value in distinguishing between one more or less of such groups 
when so many are involved. And the later provisional suggestion (4), 
based on the use of Barton's method of molecular rotation differences, 
that these bases may be A*“'*’-stenols and the iso bases their A" isomers 
may require reinterpretation. 

In a recent report of their studies of the infra-red absorption spectra of 
various alkaloids Marion, Ramsay, and Jones (5) have presented evidence 
of the presence of a carbonyl group as such in “cevine,” although no other 
data characterizing the substance used by them were given. In view of 
this divergence from our early experience and of other data which had 
been accumulating, we returned to a study of the nature of the unsatura- 
tion in these bases and have obtained preliminary results which present a 
more complicated picture than was originally suspected. 

A repetition of the examination of the ultraviolet spectrum of the al- 
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kaloid now called a-cevine, which was crystallized from dilute ethanol, 
has shown again essentially uneventful absorption (Fig. 1) with minor 
fractional increase in the usual carbonyl region when taken in ethanol or 
chloroform. There was little change after several days’ standing. It was 
then found that under the influence of alkali isomerization occurs, which 
could be readily followed with the ‘spectrophotometer. A solution of 
a-cevine (about | per cent) in ethanol which contained | per cent of NaOH 
showed a gradual progressive change, and, after a day or so, a marked 
absorption in the ultraviolet had developed with a maximum at about 
315 to 320 mu. As presented in the experimental part, extraction with 
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Fic. 1. @, a-cevine in ethanol; O, the same after 47 hours; +-, a-cevine in chlo- 
roform. 


chloroform yielded an amorphous isomerized base, 8-cevine ([a], = — 18°), 
which was not crystallized as such. Its ultraviolet absorption is given 
in Fig. 2 which shows a maximum about 275 mg. When recrystallization 
was attempted from dilute ethanol, more than half gradually separated as 
crystalline a-cevine which now showed only fractional (about 10 per cent) 
absorption as presented in Fig. 2, obviously due to contamination with 
some #-cevine. The material recovered from the mother liquor also 
showed diminished rather than enhanced absorption. Similarly, when the 
8 form was treated in solution with a slight excess of HCI, its absorption 
was little affected, even after 24 hours. However, when ether was added, 
a major fraction of crystalline hydrochloride was obtained which showed 
little characteristic absorption, owing to its apparent reconversion to the 
a-cevine salt (Fig. 2). 

As with a-cevine, the 8-form did not yield an oxime in the usual manner 
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with hydroxylamine hydrochloride and sodium acetate. However, in al- 
kaline solution an oxime, although not crystalline, was readily obtained 
from each isomer. This derivative, in accordance with the following, is 
probably isocevine oxime. 

Analogous results have been obtained with a-germine ([a], = +6°). 
Its ultraviolet absorption curve is shown in Fig. 3. The minor fractional 
maximum at about 275 mu is attributable to some contamination with 
the following 8-germine. When a-germine was treated with alkali, the 
substance recovered could be crystallized from methanol and was still an 


Fic. 2. @, 8-cevine; O, same after crystallization; +, HCI salt; all in ethanol 


apparent mixture of the a and 8 forms. The relative amounts indicated 
by the absorption spectra varied considerably and were probably due to a 
variation in the conditions of the crystallization rather than in those of 
alkali isomerization or of the extraction. In one case the isolated erystal- 
line fraction (ja]2” = +6°) vielded the absorption curve shown in Fig. 3. 
In other cases only fractional retention of the 3 form was observed. In 
an effort to trace the cause of this variation, different conditions were 
used and the result appeared to depend upon the chance crystallization 
tendency from individual solvents and the ready equilibrium shift between 
the two forms. When 8-germine, or material rich in it, was allowed to 
crystallize from a sufficient volume of chloroform, the major portion sepa- 
rated with the solvent of erystallization and showed practically unevent- 
ful absorption. 
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a-Germine was recovered unchanged in attempts to prepare an oxime 
in the usual manner. However, with NaOH a rapid separation of a crys- 
talline sodium complex occurred from which a crystalline oxime was readily 
obtained, identical with the oxime later described. 

Protoverine has been given but preliminary study. Its absorption 
curve, presented in Fig. 4, shows but fractional absorption in the car- 
bonyl region and is consistent with the results from cevine and germine. 
Later studies will doubtless yield material, a-protoverine, which should 
show minimum absorption in this region and also its conversion to a 8 form. 

The question as to which of the forms of these bases is present in the 
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Fic. 3. +, a-germine; O, 6-germine; @, isogermine; all in ethanol 


original, naturally occurring esters has been given a partial answer in the 
results obtained with protoveratrine. Its ultraviolet absorption curve 
presented in Fig. 4 shows but minor fractional absorption in the carbonyl 
region. It is possible that the natural alkaloids are esters of the non-ab- 
sorbing a forms. However, this question will require further study. 

It was of interest to determine the relationship of the levorotating iso- 
germine to a- and §-germine. The absorption curve presented in Fig. 3 
indicates carbonyl absorption. As anticipated, it readily yielded iso- 
germine oxime without the intervention of alkali. It is apparent that the 
conversion of germine to isogermine by the more severe treatment with 
alkali (2) is accompanied by additional structural change which creates a 
more stable carbonyl group. Of particular interest was the discovery of 
the apparent identity of the oximes obtained from a-germine (with alkali) 
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and from isogermine. As discussed later, the presence of a carbonyl group 
ne | in isogermine and the identity of the oximes were substantiated by the 
“i infra-red spectra. Isoprotoverine, which is also more strongly levorota- 
y tory than protoverine, belongs in a similar category. It likewise exhibits 

(Fig. 4) carbonyl absorption and readily yields tsoprotoverine oxime. 
” Our earlier efforts to hydrogenate cevine with platinum oxide catalyst 
T- | were made in acetic acid or dilute HCl. More recently, however, both 
. a- and 8-cevine in methanol have been gradually hydrogenated and an 

apparently identical dihydrocevine ([a], = —15°) was isolated in each 
ea ease. Aside from a difference in rotation ({a], = —8°), the product bore 


2400 2600 2800 3000 3200 3400 3600 
a(A) 
Fic. 4. @, protoverine; O, protoveratrine; +, isoprotoverine; all in ethanol 


a strong resemblance to that previously obtained with nickel catalyst. 
© | The reduction product previously described ({a], = —27°), obtained 
with sodium and butanol, is apparently a stereoisomer. Neither isomer 
vielded an oxime. Both hydrogenation and reduction with sodium must 
eliminate the double bond needed with a hydroxyl for the potential car- 
bonyl function. 

The nature of the a and @ isomerism and that of the iso bases now re- 
main to be explained. Recent molecular weight determinations of both 
cevines taken in camphor were in essential agreement with a monomo- 
lecular formula. Earlier degradation studies yielded a number of pyridine 
and piperidine bases containing oxygen, which is therefore present in the 
steroid side chain, and it now appears possible that one or more hydroxyl 
groups could participate with the double bond in the isomerism. The 
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possibility that a reversible double bond shift occurs in the neighborhood chai 
of the nitrogen atom which permits formation of an internal quaternary atte 
zwitter ion involving a neighboring hydroxyl group was not directly sub- in t 
stantiated by pH measurements made with both a- and #-cevine.' In viol 
solutions half neutralized with HCl the pK’ of a-cevine at 27° was found alte 
to be 9.67 and that of B-cevine 9.55 at 26.5°, which would be expected else 
rather of tertiary bases. core 
The failure to produce an oxime except on the alkaline side appears to 
be against the presence of a carbonyl group as such or to be expected of 07 
uninhibited keto-enol isomerism. There is also objection to the possibility = 
30- 
6-Cevine 
60- 3° 3 
80 . a- ne 
90- = 
100- Frequency ve 
1300 
Fic. 5. Infra-red absorption spectra of the cevines (Nujol mull) 7 


of a potential CO group on carbon 21 or 27, protected in lactol form, with 
an OH on carbon 23 or 24, since it is doubtful that such a lactol would ably 


open under alkaline conditions to permit formation through transient whi 
enolization of a more stable trans aldehydic group. M 

However, further insight into the structures involved has been furnished cevi 
by the following correlated infra-red studies. The data are presented in cart 
Figs. 5 and 6. Contrary to the distinctive behavior shown in the ultra- app: 
violet spectrum, the @ and 8 forms of germine and cevine yield in each pote 
case identical spectra in the infra-red from 2 to 14.5 uw. Surprising as this the 
result may appear, the ultraviolet and infra-red data are not necessarily a de 
irreconcilable. One may recall that absorption in the infra-red depends enol 
on the presence of a molecular dipole moment, and that, if a structural 2 


! We wish to thank Dr. L. C. Craig for these data. (5) f 
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od § change is effected where the new or modified molecular vibrations are not 
ry attended by a change in this dipole moment, they will not be observed 
b- | in the infra-red, although they may well appear as new bands in the ultra- 
In | violet or Raman spectra. For this condition to obtain, the structural 
nd | alteration must involve a symmetrical oscillator either formed de novo or 
ed | else capable of undergoing modification without loss of symmetry. Ac- 
cordingly, the structural difference between the a and 8 isomers is prob- 
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Fic. 6. Infra-red absorption spectra of the germines (Nujol mull) 


d ably concerned with an infra-red inactive symmetrical atomic grouping 
it which can be of the general form shown in Fig. 8. 

Moreover, the broad weak band at 1635 em.~' (6.13 w) found for the 
d cevine and germine pairs is characteristic of an ethylenic rather than a 
n carbonyl absorption.2, On the other hand, a definite carbonyl band is 
\- apparent in the isogermine spectrum at 1700 em. (5.88 4). Since only a 
h potential ketonic function seems to develop in the change from the a to 
is the 8 base, the distinction between these must lie solely in the location of 
y a double bond sufficiently close to a hydroxyl group which can become 
s enolic. Such a grouping must also conform to the symmetry required 
, ? These results do not agree with data reported by Marion, Ramsay, and Jones 
(5) for cevine. 
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for its infra-red inactivity. These conditions are to be found in the ac- 
centuated group arrangement shown in Fig. 9. Such a grouping is re- 
stricted to specific locations in the structure of the tertiary steroid bases. 
Among a number of possibilities, the one which seems most satisfactory 
involves the terminal ring of the side chain. Assuming the hydroxyl 
group to be at position 24, the partial structures shown in Fig. 9 for the 
a and 6 isomers appear to be in accord with the experimental data. 
Furthermore, the apparent identity of the oximes derived from 8- and 
isogermines, indicated not only by melting point and rotation but also 


by the infra-red spectra obtained with each (Fig. 7), suggests that these 
Wavelength | 
| 
Iso-Germine oxime 

@-Germine oxime 3° 
= 

“1 

100 Frequency cm. 


Fic. 7. Infra-red absorption spectra of the oximes (Nujol mull) 


two isomers must bear a simple tautomeric relationship to each other. 
Accordingly, the partial structure of isogermine would be as represented 
in Fig. 9. It is evident from these considerations that two distinct iso- 
merization processes are involved: (1) a labile allylic rearrangement ac- 
counting for the a «> 6 transformation, and (2) an enol-keto tautomerism 
accounting for the 8 <> iso isomerization, which is hindered somehow to 
favor the enolic 8 form. The structures and interrelationships shown in 
Fig. 9 summarize the experimental findings, but, of course, it remains to 
be proved that the essential grouping shown is actually located in the 
ring system of these compounds as portrayed. 

The internal salt CsHyOsN from cevine methiodide, previously dis- 
cussed, would find an explanation in the structure shown in Fig. 9, in 
which the hydrogen atom attached to the nitrogen is replaced by a methyl 
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group. Such a zwitter ionic structure should be sufficiently stable to exist 
as such. 

Finally, the potassium derivative of cevine, for which Hess and Mohr 
(6) suggested a double salt of the formula C1HweOsNK-KOC,Hs, could 
find its explanation in the parenthetical K* addition shown in Fig. 9 along 
with KOC.Hs. 


EXPERIMENTAL 


B-Cevine—A solution of 1 gm. of a-cevine in 100 cc. of absolute ethanol 
was treated with 2 ce. of 50 per cent NaOH with thorough mixing. After 


A.~ 


,Y Fic. 8. Planar symmetrical atomic grouping: infra-red inactive mode of vibration 


(K*) 

H 
3 cy) H 


- isomer) (@-isomer) (150-1s0omer) 


wo Fic. 9. Presumptive structural interrelationships between the isomers and their 
£000 derivative forms. 


3 days at 25° the solution, which had developed a yellow color, showed 
absorption in the ultraviolet with maximum about 320 my (log ¢ 2.34). 
After dilution with an equal volume of H,O and saturation with CQOkn, 
most of the aleohol was removed in vacuo. Since attempts to induce 
crystallization of the clear solution failed, it was extracted twelve times 
with chloroform. The dried extract on concentration in vacuo yielded a 
colorless resin of 8-cevine which was powdered and dried in a desiccator. 
It showed no tendency to crystallize promptly from dilute ethanol or 
methanol. The ethanol solution was carefully diluted to turbidity and 
on standing gradually deposited a small fraction which was largely resinous 
with a very minor amount of interspersed crystals. Standing for several 
days of the diluted clear solution was required for crystallisation. 

The desiccator-dried non-crystalline base showed [a] = —18° = 
1.00 in 95 per cent ethanol). 
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For the analysis and molecular weight determination it was dried at 
110° and 0.2 mm. 


CzHyO.N. Calculated, C 63.61, H 8.51; found, C 63.60, H 8.26 


Its ultraviolet and infra-red absorption spectra are shown in Figs. 2 and 
5, respectively. 0.402 mg. of substance; 4.078 mg. of camphor; A = 7.0°; 
mol. wt. found 507, calculated 509.35. 

The determination of the molecular weight of a-cevine dried at 110° 
and 0.2 mm. was found less satisfactory because of a deeper color of the 
mixture. 0.465 mg. of substance; 4.715 mg. of camphor; A = 6.5°; mol. 
wt. found 546. 

A solution of 0.2 gm. of the resin in a small volume of 95 per cent eth- 
anol was carefully diluted to incipient turbidity. On long standing char- 
acteristic micro platelets gradually separated. In this fraction 0.103 gm. 
was obtained which melted at 169-172° after preliminary sintering above 
150°. 

lalp = —19.6° (c = 1.07 in 95% ethanol) 
For analysis it was dried at 110° and 0.2 mm. 
Found, C 63.59, H 8.56 


Its ultraviolet absorption curve, given in Fig. 2, shows but a fraction 
of the absorption of the original amorphous material. 

A solution of 0.12 gm. of the 8 form in methanol was treated with a 
slight excess of HCl. Addition of ether caused gradual separation of 
woolly masses of delicate micro needles; 81 mg. were directly collected 
which melted at 244-247°. 

For analysis it was dried at 110° and 0.2 mm. 


CuHy4OsNCl. Calculated, C 59.36, H 8.12; found, C 59.52, H 8.02 


This substance contained no methoxyl. The ultraviolet absorption is 
shown in Fig. 2. 

A solution of 0.1 gm. of 8-cevine in 95 per cent ethanol was heated for 
5 hours with 0.1 ec. of 50 per cent NaOH and 30 mg. of hydroxylamine 
hydrochloride. After removal of alcohol in vacuo the aqueous solution 
was continuously extracted with chloroform for several hours. The sub- 
stance obtained could not be crystallized but formed a gelatinous deposit 
on addition of benzene to the ethanol solution with subsequent concentra- 
tion. The dried collected substance weighed 65 mg. 


CatlwOsN:. Calculated. C 61.79, H 8.46, N 5.34 
Found. 60.98, 7.99, 5.47 


In similar manner a-cevine yielded an amorphous oxime which could 
not be crystallized. A portion of this material treated in 95 per cent 
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ethanol with a slight excess of HCl followed by careful addition of ether 
yielded an amorphous hydrochloride. 


CH OsN:-HCl. Calculated, N 5.00, Cl 6.32; found, N 4.97, Cl 6.67 


The following conditions did not yield the oxime with a- or 8-cevine. 

A solution of 0.1 gm. of a-cevine, 20 mg. of hydroxylamine hydrochlo- 
ride, and 0.1 gm. of sodium acetate in 95 per cent ethanol was refluxed for 
18.5 hours. After partial concentration, careful dilution, and addition of 
excess ammonia, cevine very gradually crystallized as stout prisms. In 
this fraction 61 mg. were recovered which melted at 167-171° after pre- 
liminary sintering. 

CxHgOs,N. Calculated, C 63.61, H 8.51; found, C 63.52, H 8.36 


Hydrogenation of Isomeric Cevines—A solution of 0.1 gm. of a-cevine in 
95 per cent ethanol with 50 mg. of platinum oxide, following initial re- 
duction of the catalyst, gradually absorbed hydrogen at atmospheric tem- 
perature and pressure. After 23 hours this approximated 1 mole. After 
concentration of the filtrate the residue crystallized from a small volume 
of chilled methanol as micro prisms or pointed platelets which, when col- 
lected in the cold, amounted to 48 mg. Under the microscope the major 
portion melted at 223-227° and the remainder persisted to 255-260°. 


fa]= = —15.3° (c = 0.62 in methanol for dried substance) 


For analysis it was dried at 100° and 0.2 mm. 
CyHyOsN. Calculated, C 63.36, H 8.87; found, C 63.12, H 8.71 


This substance separates from a concentrated chloroform solution as 
delicate needles which contain solvent. 

When 0.1 gm. of 8-cevine was similarly hydrogenated, the first fraction 
from methanol weighed 28 mg. and was indistinguishable from the sub- 
stance above. It also showed two melting points. Most of the substance 
melted at 226-228° and the remainder at 256-261°. Concentration of the 
mother liquor yielded a residue which crystallized from 1 ec. of chloroform. 
39 mg. of delicate needles were obtained which contained solvent. This 
fraction on crystallization from methanol yielded material indistinguish- 
able from the first fraction in form and melting point. 


la]J2 = —14.8° (c = 0.88 in methanol for dried substance) 
Found. C 63.28, H 8.75 


8-Germine—A solution of 0.5 gm. of a-germine in 50 cc. of absolute 
ethanol was treated with 1 ce. of 50 per cent NaOH. After 18 hours at 
about 25° the yellow solution showed strong ultraviolet absorption, with 
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a maximum about 315 to 320 mp. After another 24 hours the solution 
was diluted with an equal volume of H,O and partly concentrated in vacuo. 
By continuous extraction with chloroform for 2 hours, 0.285 gm. of residue 
was obtained. Subsequent extraction for 2 hours yielded only 40 mg. 
The first fraction, when dissolved in a few cc. of methanol, suddenly crys- 
tallized as a mass of micro prisms or four-sided platelets. 0.16 gm. was 
collected with methanol and contained about 2 moles of methanol. It 
melted at 169-171.5°. On the solvent-containing basis 


lal, = +6° (c = 0.99 in 95% ethanol) 
For analysis, the substance was dried at 110° and 0.2 mm. 


CyHyO.N -2CH,OH. Calculated, CH,OH 11.17; found, 11.46 
CyHwOsN. Calculated, C 63.61, H 8.51; found, C 63.67, H 8.40 


The ultraviolet and infra-red absorption curves obtained with this sub- 
stance are shown in Figs. 3 and 6, together with that of its precursor, 
a-germine. 

A solution of 0.1 gm. of a-germine in 95 per cent ethanol was refluxed 
for 18.5 hours with 20 mg. of hydroxylamine hydrochloride and 0.1 gm. 
of sodium acetate. After concentration, dilution, and alkalization, the 
mixture was extracted with chloroform. On crystallization from methanol 
73 mg. of a-germine were recovered. The major portion melted at 168- 
173° and partly crystallized on further treating and then melted from 
218-227°. 

Calculated, N 2.75; found, N 2.94 


When the above sodium acetate was replaced with 0.1 cc. of 50 per cent 
NaOH, only a few minutes heating on the bath caused sudden separation 
of a mass of delicate needles of the Na compound of the oxime. After 
30 minutes this was collected and weighed 75 mg. Its solution in water 
on continuous extraction with chloroform yielded 70 mg. of material which 
crystallized from hot dilute ethanol as spatulated or boat-shaped micro 
leaflets. The oxime melted at 256-261.5°. 


la]? = +16.4° (c = 0.55 in 95% ethanol) 
CyHyOsN;. Caleulated. C 61.79, H 8.46, N 5.34 
Found. ** 61.96, ** 8.13, ** 5.22 


Isogermine Oxime—A solution of 0.1 gm. of isogermine in 95 per cent 
ethanol was heated for 7 hours with hydroxylamine hydrochloride and 
sodium acetate. The mixture was concentrated and then diluted with 
water; on continuous extraction with chloroform it yielded the oxime 
which crystallized from methanol or ethanol as micro prisms or needles 
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melting at 253-261.5°. When mixed with the oxime from 8-germine, the 
melting point was 257-259°. 


lal = +18.12° (c = 0.55 in 95% ethanol) 
For analysis it was dried at 110° and 0.2 mm. 


CuHyOsN,. Calculated. C 61.79, H 8.46, N 5.34 
Found. ** 61.64, “* 8.50, “ 5.04 


Isoprotoverine Oxime—The procedure was that used with isogermine. 
The oxime separated from warm dilute ethanol as micro needles which 
melted at 237-240° after preliminary sintering. 

For analysis it was dried at 110° and 0.2 mm. 


CHO Ns. Calculated. C 59.96, H 8.21, N 5.18 
Found. ** 60.28, 8.06, 5.04 


Infra-Red Spectra—For this purpose the substances were prepared as 
Nujol mulls, and their spectra determined from 2 to 14.5 » without com- 
pensation on a Perkin-Elmer model 21 double beam spectrometer, with 
sodium chloride optics, set at resolution 6, response 2, gain 8, suppression 
1, and a scanning speed of 0.25 w per minute on a chart scale of 2 inches 
for 1 ». Comparative solution spectra in chloroform were precluded ow- 
ing to the disparate solubilities and degree of solvation of these substances 
in this solvent. The results are shown in Figs. 5 to 7. 


All analytical data have been obtained by Mr. D. Rigakos of this labora- 
tory. 


SUMMARY 


The highly hydroxylated tertiary steroid bases cevine, germine, and 
protoverine have been shown to be subject to isomerization under the 
influence of alkali, a fact responsible for the existence of three interrelated 
isomeric forms. It has been inferred that a triad carbon structure, which 
bears a secondary hydroxyl group and a double bond, is incorporated 
in the ring system, and is involved in this isomerization. As interpreted 
from the chemical and spectroscopic data, these isomers are individually 
the allylic alcohol, the enol, and the ketone derivatives. 

A suggestion for its location in the structure is given. 
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THE UTILIZATION OF ACETIC ACID FOR AMINO ACID 
SYNTHESIS IN YEAST* 


Br CHARLES GILVARGft ann KONRAD BLOCH 
(From the Department of Biochemistry and the Institute of Radiobiology and 
Biophysics, University of Chicago, Chicago, Illinois) 
(Received for publication, June 30, 1951) 


In a preliminary communication (1) from this laboratory the utilization 
of labeled acetic acid and labeled glucose in the synthesis of various amino 
acids of growing yeast has been reported. Acetate was found to be a 
precursor of several constituents of yeast protein, but failed to supply 
carbon for the synthesis of phenylalanine and tyrosine. Yeast grown on 
a medium containing glucose and labeled acetic acid provides a system 
from which much useful information on the biosynthesis of amino acids 
may be derived. The isolation and isotope analysis of thirteen yeast 
amino acids synthesized under these conditions are described in the present 
paper. 

EXPERIMENTAL 


Materials—C“H;CO-,H was prepared according to Little and Bloch (2) 
and CH,C"O.H according to Weinhouse, Medes, and Floyd (3). The 
isotope concentrations of the substrates used in the growth experiments 
are given in Tables I and II. 

Growth Experiments—A strain of Saccharomyces cerevisiae obtained from 
the Department of Bacteriology of this university was grown in the me- 
dium of Atkin, Gray, Moses, and Feinstein (4), which had been modified 
by replacing the casein hydrolysate with an equivalent amount of NH,Cl 
as the nitrogen source. The medium contained the following carbon com- 
pounds in gm. per liter: glucose, 50; citric acid, 3.84; and meso-inositol, 
0.05. Since none of the vitamins was present in amounts larger than 2.5 
mg. per liter, they need not be considered as carbon sources. The medium 
was adjusted to pH 5.4 with KOH. 

In a trial experiment it was observed that acetate inhibited the growth 
of the yeast. Therefore the concentration of labeled acetate in these ex- 
periments was so chosen (0.042 m in Experiment I; 0.027 m in Experiment 
II) as to permit 80 per cent of the optimal growth. 

* Part of the data was taken from a thesis submitted by Charles Gilvarg in partial 
fulfilment of the requirements for the degree of Doctor of Philosophy in the De- 
partment of Biochemistry, University of Chicago. 

This work was aided by a grant from the Nutrition Foundation, Ine., New York. 

t Predoctoral Fellow of the United States Public Health Service. 
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After the addition of the isotopic acetate, the medium was autoclaved. 
An inoculum was grown on a small amount of medium, and, after satis- 
factory growth had occurred, the cells were introduced into a 5 liter flask 
containing the bulk of the medium (2 liters). The culture was vigorously 
aerated and the yeast harvested after about 2 days. The yield corres. 
ponded to about 10 gm. of dried yeast cells. Two experiments were per- 
formed. In Experiment I, C“H;CO.H was the labeled substrate; in Ex- 
periment [I, C“H;C"O.H was used. 

Protein Isolation—The cells were removed from the culture by centrifu- 
gation. The medium was acidified with H,SO, and the residual acetic 
acid was recovered by steam distillation and crystallized as the silver salt. 

The cells were suspended in 2 volumes of ether and left at 0° for 24 
hours. 1 volume of ethanol was then added and the mixture was kept in 
the cold with occasional stirring for an additional 4 hours. The ether- 
alcohol extract was decanted. In Experiment II the extract was taken to 
dryness under N, and the yeast fatty acids were isolated by standard 
procedures. 

The cell residue was extracted with 0.2 per cent NaOH according to 
Csonka (5). Protein was precipitated with 5 per cent trichloroacetic acid, 
separated by centrifugation, washed twice with acetone, and dried in vacuo. 
2 gm. of protein were obtained in Experiments [ and II. The protein was 
hydrolyzed by heating under a reflux with 15 parts of 20 per cent HC! 
for 24 hours. 

Amino Acid Isolation—Phenylalanine and tyrosine were removed from 
the protein hydrolysate by adsorption on charcoal according to Partridge 
(6). These two amino acids were then eluted with phenol and resolved on 
a paper chromatopile (7) in Experiment I and on a column of Dowex-0 
in Experiment II. In Experiment I the phenylalanine was degraded to 
benzoic acid according to Kollman (8). 

Glutamic and aspartic acids were separated from the hydrolysate by 
ion exchange with Amberlite IR-4B according to Cannan (9). Glutamic 
acid was isolated as the hydrochloride and aspartic acid as the copper 
salt. 

The remaining amino acids were placed on a column of Dowex-50 (60 
em. X 2.2 cm.) and separated according to Stein and Moore (10).  Frae- 
tions containing single amino acids were obtained except for serine-threo- 
nine, and methionine-isoleucine-leucine-cystine. Serine was separated 
from threonine as the salt of p-hydroxy-p’-sulfonic acid azobenzene (11). 
Leucine was isolated by isoelectric precipitation and converted to the tosyl 
derivative. The identity and purity of the amino acids were confirmed 
with paper strip chromatography (12). 

Degradation of Serine and Alanine—After the addition of carrier the 
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ed. Tasie I 
Us- Incorporation of Acetate Carbon into Amino Acids of Yeast Protein 
a Experiment I, 2 liters of medium; 43 hours of aeration; 83 mu of C“H,CO,H. 
Amino acid isolated C.p.m. 
initial acetate... 19, 500 
“| Pinal acetate 7,200 
Protein 2,700 
ifu- | Glutamie acid 7,150 
“tie | Aspartic 1,120 
alt, | Histidine* 795 
Alanine 453 
Serinet 206 
Glycine} 79 
er- | Tyrosine. 35 
to | Benzoic acid (from phenylalanine)§ _.. 2 


ard * Caleulated from ternary salt with p-hydroxy-p’-sulfonic acid azobenzene 
Calculated from salt with p-hydroxy-p’-sulfonic acid azobenzene. 

to Caleulated from hippurie acid, m.p. 187-188". 

§ M.p. 121-122°. 


see Taste 
; Incorporation of Acetate Carbon into Amino Acids of Yeast Protein 
Experiment II, 2 liters of medium; 49 hours of aeration; 53.8 mu of C’H,C™O,H. 
om Amino acid isolated C.p.m. CH» 
on | Initial acetate. 23,000 10.4 1.00 
| Final acetate 1,300 0.70 
to | Fatty acids 7,900 3.06 0.96 
Protein 2,000 0.91 1.00 
Glutamic acid _. 3,700 1.83 0.91 
by | Aspartie “2... 730 0.25 1.32 
nie | Lysine 6,200 2.97 0.95 
per Proline 4,730 1.95 1.10 
Arginine 2,690 1.37 0.89 
60 Leucine * 3,300 1.27 1.18 
(OT Valinet ™ | 2.17 
| Phenylalanine 0.02 | 


* Calculated from tosyl derivative, m.p. 117-119°. 

t Caleulated from tosyl derivative, m.p. 145-146.5°. 
serine salt of p-hydroxy-p’-sulfonic acid azobenzene was degraded to for- 
maldehyde, formic acid, and CO, with NalO, according to Sakami (13). 
the | The isotope concentrations in the split-products are given in Table III. 
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Carrier was also added to the alanine before degradation. The isotope 
concentration of the carboxyl carbon of alanine was determined after de- 
carboxylation of the amino acid with ninhydrin according to Van Slyke 
et al. (14). For analysis of the a- and 8-carbon atoms, 40 mg. of alanine 
were dissolved in a mixture of 10 ml. of H,O, | ml. of 85 per cent phos- 
phorie acid, and 250 mg. of KMnQ,. The solution was heated under a 
reflux for 30 minutes and the excess KMnQ, was destroyed with 30 per 
cent H,O,. The resulting acetic acid was distilled from the reaction mix- 
ture (yield 80 per cent) and the silver salt was prepared. Combustion 
of the silver acetate gave the isotope concentration in the a- and 8-carbons 
of alanine. An aliquot of the silver acetate was decarboxylated with Br, 
in CCl, (15), giving CO, corresponding to the a-carbon of alanine. In 
a test run, alanine labeled with C“ in the a position (kindly furnished by 
Dr. H. S. Anker) was subjected to the same degradation. The values 


Tasze III 
Isotope Distribution of Serine and Alanine Isolated in Experiment I 


Carbon atom | Serine Alanine 
| 
Total 206 453 
8 500 600 
a. | 65 | 675 
Carboxyl. | 30 | 88 


obtained in counts per minute were as follows: alanine, 2790; a-carbon 
found, 8480; a-carbon calculated, 8370. 

Isotope Analyses—Samples were converted to CO, either by wet com- 
bustion according to Van Slyke and Folch (16) or by ignition in a stream 
of O, in a micro combustion apparatus. For C determinations BaCO, 
samples were centrifuged into cups 3.47 sq. cm. in area. The samples 
were counted with a flow gas counter for a sufficient length of time to 
insure a probable error of less than 3 per cent. Counts were corrected 
for thickness according to the method of Reid (17) and results are given 
as counts per minute of infinitely thick samples of BaCO,;. For C" de- 
terminations the BaCO,; samples were converted to CO, in a vacuum 
system according to Rittenberg (18) and the isotope concentrations were 
determined in a mass spectrometer. 


Results 


In Tables I and II are given the isotope concentrations of the amino 
acids isolated from yeast which had been grown in the presence of labeled 
acetate. The reduced isotope concentration in the acetic acid which re- 
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mained at the end of the growth period reflects the extensive production of 
acetic acid from glucose under the conditions of the present experiments. 
The extent of acetate dilution by products of glucose metabolism appears 
to be variable. In Experiment II, which was run for only 6 more hours 
than Experiment I, the isotope concentration of the final acetic acid was 
only 6 per cent of the acetate added, whereas it was 37 per cent in Experi- 
ment I. A measure of the average isotope concentration in the acetic 
acid which was available for synthetic reactions during the growth period! 
is given by the isotope concentration in the yeast fatty acids, which are 
presumably synthesized from C; units. On this basis it can be calculated 
from the data in Experiment II that 25 per cent of the protein carbon was 
supplied by acetate. 

Apart from glucose, which was the principal substrate, the growth me- 
dium contained citrate and a small amount of inositol. It is unlikely that 
the medium citrate was utilized for synthetic reactions because the avail- 
able evidence indicated that the cell wall of yeast is impermeable to citrate 
(19). Inositol, because it was added in small amounts, could not have 
been a quantitatively important carbon source. Moreover, when yeast 
was grown in the presence of C™-inositol, no significant amount of C™ 
was incorporated into the yeast proteins.2?. Therefore the only compounds 
which need be considered as carbon sources for the veast are glucose and 
acetate. 

The extent to which the different amino acids were derived from acetate 
varied over a wide range. Thus lysine which contained 80 per cent of 
the isotope concentration of the fatty acids (see Table II) must have been 
formed from acetate as the major carbon source. On the other hand, the 
insignificant C" and C™ values in phenylalanine, tyrosine, and glycine 
indicate that acetate and products of acetate metabolism do not partici- 
pate in their synthesis. The rest of the amino acids which were isolated 
appear to be derived from both acetate and glucose in varying proportions. 
An inspection of the data in Tables I and II reveals that one group of 
amino acids, vis. lysine, proline, glutamic acid, leucine, and arginine, con- 
tains isotopic carbon at a level which is several times higher than a second 
group which includes aspartic acid, histidine, valine, and alanine. It may 
be suggested that acetate carbon is directly used for the synthesis of at 
least a portion of the carbon skeletons of the amino acids in the first group 
but becomes incorporated into the amino acids of the second group only 


by secondary pathways. 
Studies on the utilization of acetate in yeast have shown that this sub- 


' It is assumed that the fatty acids are synthesized and deposited in time phase 
with other cellular constituents. 
* Gilvarg, C., and Bloch, K., unpublished experiments. 
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strate is readily assimilated, and evidence obtained by Weinhouse et al. 
(20, 21) with resting yeast indicates that the oxidation of acetate proceeds 
by way of the Krebs cycle. The glutamic and aspartic acids isolated in 
the present experiments contained high concentrations of isotope. It may 
be assumed that a-ketoglutaric and oxalacetic acids were the immediate 
precursors, and therefore were similarly labeled as the corresponding amino 
acids. Hence the data of the present experiments with actively growing 
yeast likewise indicate that acetate is metabolized by way of the tricar- 
boxylie acid cycle. According to current evidence, the sequence of steps 
by which acetate enters the cycle is citrate, which is converted to a-keto- 
glutarate, and then to dicarboxylic acids. It will be noted that in both 
experiments glutamic acid contained several times as much isotope as 
aspartic acid and therefore the dicarboxylic acids which provide the carbon 
chain for aspartic acid must have been formed from a relatively unlabeled 
source as well as from ketoglutarate. The most likely mechanism for 
the production of this source of diluting carbon is the carboxylation of 
pyruvate. 

White and Werkman (22) have shown that, in yeast aerated in the 
presence of acetate as the only substrate, acetate carbon is incorporated 
into the yeast carbohydrate. If, in the present experiments, acetate had 
been converted to glucose, then all cellular constituents should have con- 
tained isotopic carbon. The insignificant isotope concentrations in the 
phenylalanine and tyrosine demonstrate that in actively growing yeast 
reactions leading to the appearance of acetate carbon in glucose do not 
occur at an appreciable rate. 

The finding that phenylalanine and tyrosine remain essentially unla- 
beled under conditions in which isotopic carbon enters into the members 
of the tricarboxylic acid cycle and into pyruvate eliminates not only ace- 
tate itself but these intermediates as well as precursors of the benzenoid 
amino acids. Hence, glucose itself, products of glycolysis above the level 
of pyruvate, or products of glucose metabolism formed by means other 
than the glycolytic reactions must have provided the carbon skeleton for 
both the rings and side chains of phenylalanine and tyrosine. The mech- 
anism involved in this transformation will be discussed in a subsequent 
paper. 

In view of the possible interrelationship among serine, alanine, and the 
3-carbon side chains of the benzenoid amino acids it became of interest 
to determine the concentration and distribution of isotopic carbon in serine 
and alanine. Relatively little acetate carbon is used in the synthesis of 


these amino acids. Alanine contained twice as much isotope as serine 
and the side chain of tyrosine contained at most one-half as much acetate 
Hence, 


carbon as the serine, as can be seen from the data in Table I. 
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serine could not have been derived exclusively from alanine nor could the 
side chain of tyrosine have been formed from either of these amino acids 
as the only carbon source. While serine has been shown to be the pre- 
cursor of the side chain of tryptophan (23), it does not appear to play an 
analogous réle in the synthesis of tyrosine. 

The isotope concentrations in the carbon atoms of serine and alanine 
are shown in Table III. The amino acids differ principally in the isotope 
content of the a-carbon which is 10 times higher in alanine than in serine. 
It is clear that at most 10 per cent of the serine could have been derived 
from alanine. The bulk of serine carbon, like that of phenylalanine and 
tyrosine, must therefore have been derived from products of glucose me- 
tabolism above the level of pyruvate. In serine the C™ content was high- 
est in the 8-carbon, possibly due to a small scale conversion of the methyl 
carbon of acetic acid to a l-carbon unit capable of condensing with glycine. 
The finding that the a- and carboxyl carbon of serine contained isotope 
at as low a level as glycine is in agreement with this interpretation. 


In the present experiments the yeast constituents were synthesized from 
two carbon sources, glucose and acetic acid. It is clear from the data 
presented that, while glucose is extensively converted to acetate under 
these conditions, acetate carbon is not incorporated into glucose. The 
failure of acetate carbon to appear in glucose is presumably due to a slow 
rate of reversal of one or several of the glycolytic reactions. Since alanine 
was labeled, the limiting step or steps must be placed above the level of 
pyruvate. Therefore, when yeast is grown in a medium containing nor- 
mal glucose and isotopic acetate, those cellular constituents which are 
derived rather directly from glucose will remain unlabeled in contrast to 
compounds which utilize acetate or products of acetate metabolism in 
their synthesis. These experimental conditions are particularly favorable 
for investigating the origin of carbon chains of various cellular components. 

In recent papers by Baddiley et al. and Ehrensviird et al. (24-26) amino 
acid synthesis from acetate in Torulopsis utilis has been studied in great 
detail. The experiments of these investigators differed from ours in that 
the yeast was adapted to grow on acetate as the only source of carbon. 
As a result, all cellular constituents, including phenylalanine and tyro- 
sine, were found to contain acetate carbon. The mechanism of synthesis 
for tyrosine, proposed on the basis of isotope distribution studies, included 
acetoacetate and acetate as carbon sources. The results of the present 
experiments indicate that these mechanisms do not operate in tyrosine 
synthesis by S. cerevisiae. 


DISCUSSION 
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SUMMARY 


1. Saccharomyces cerevisiae was grown on a medium containing glucose 
and labeled acetate as carbon sources. The amino acids of the yeast 
proteins were isolated and analyzed for isotope content. 

2. Acetate carbon is utilized for the synthesis of various amino acids 
but not for phenylalanine, tyrosine, and glycine. It is concluded that 
these three amino acids are derived rather directly from glucose. 

3. Acetic acid is the major source of the carbon skeleton of lysine. 

4. It is shown that alanine cannot be an important precursor of serine. 
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OXIDATION OF NITROETHANE BY EXTRACTS FROM 
NEUROSPORA* 


By HENRY N. LITTLE 


(From the McCollum-Pratt Institute, The Johns Hopkins University, 
Baltimore, Maryland) 


(Received for publication, June 23, 1951) 


The metabolism of nitro compounds in plants has not been extensively 
investigated. Only two such compounds appear to have been reported 
as occurring naturally in plants. Chloromycetin contains an aromatic 
nitro group, and occurs in the culture medium of Streptomyces. Certain 
bacteria (1) and, more recently, a bacterial cell-free enzyme (2) have been 
shown to bring about the reduction of the nitro group of this compound. 
8-Nitropropionic acid has been found to be a component of hiptagin (3) 
and also occurs in the culture medium of Aspergillus flavus (4). It has 
been suggested (5, 6) that during the initial phases of nitrate assimilation 
by plants the nitrate molecule is incorporated into an organic complex. 
It is conceivable that nitroethane may be representative of such a com- 
pound. 

This paper reports the isolation from Neurospora of an enzyme which cat- 
alyzes the oxidation of nitroethane apparently according to the equation 


CH;CH:NO; + O, + H-O — CH,;,CHO + HNO, + 


Some of the properties of this enzyme are given, as well as evidence sug- 
gesting that it may play a rdéle in the nitrogen metabolism of this organism. 


EXPERIMENTAL 


Determination of Activity—Enzymatic activity was determined colori- 
metrically by observing the density of the color developed when an aliquot 
of the enzymatic reaction mixture was tested for nitrite by use of sulfanilic 
acid and a-naphthylamine. The standard procedure was as follows. At 
zero time, 0.10 ml. of 0.5 M nitroethane was added to a mixture of 0.50 ml. 
of enzyme and 0.40 ml. of 0.2 m phosphate buffer, pH 7.0, in an 18 X 150 
mm. test-tube. The tube was agitated in a reciprocating shaker at room 
temperature. After exactly 5 minutes, 0.2 ml. of 5 X 10-* m copper sul- 
fate was added to stop the reaction and 0.1 ml. of the reaction mixture 
was removed to test for nitrite. (In some cases the assay was carried 
out in half the reaction volume.) The aliquot was added to 5.0 ml. of 
water, and 0.5 ml. each of the Griess and Ilosvay reagents (7) was added. 


* Contribution No. 15 of the McCollum-Pratt Institute. 
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The density of the color developed was read after 15 minutes on a Klett 
colorimeter with a 540 may filter. Control tubes lacking either substrate 
or active enzyme were used to correct respectively for the turbidity caused 
by the enzyme or for the non-enzymatic decomposition of substrate. With 
the partially purified enzyme and with nitroethane as substrate, these 
control tubes always gave a Klett reading of less than 10. The enzyme 
was diluted to give Klett readings of 100 to 200 when the assay was per- 
formed as above. 

1 unit of enzyme was defined as that amount of enzyme which liberated 
from nitroethane enough nitrite to give a Klett reading of 100 when the 
assay was carried out as described above. Enzyme activity was expressed 
as units per mg. of protein. The protein was determined by a micro- 
colorimetric method (8). 

The intensity of the pink color developed in this test was found to be 
decreased by the presence of nitroethane. However, as is indicated by 
Table I, the density of the color was found to be directly proportional 
to the concentration of the enzyme when the assay was performed under 
standard conditions. All assays were run in duplicate and agreed with 
one another within +5 per cent. The same enzyme sample when assayed 
from day to day gave reasonably consistent results; however, all compari- 
sons presented are based on samples assayed at the same time. 

Preparation of Enzyme—For all enzymatic studies, unless otherwise in- 
dicated, a “partially purified” enzyme prepared from extracts of Neuro- 
spora crassa (5297a) was used. A typical preparation is described. The 
Neurospora was cultured at 30° in 1 liter flasks containing 250 ml. of a 
nitrate medium. After 4 to 6 days, the mycelium was harvested, pressed 
dry, and washed with water on a Biichner funnel. The mycelium (32 
gm.) was thoroughly macerated in 5 times its weight of 0.01 mM phosphate 
buffer, pH 7.0, by means of a TenBroeck homogenizer. This homogenate 
was centrifuged 15 minutes at 4000 r.p.m. The supernatant solution was 
designated as “crude enzyme” and contained 13,350 units, with an activity 
of 7.9. This was treated with enough solid ammonium sulfate to bring it 
to 40 per cent saturation. The solution was centrifuged and the am- 
monium sulfate concentration of the supernatant was increased to 60 per 
cent saturation. The resultant precipitate was recovered by centrifuging, 
suspended in 0.01 m buffer, pH 7.0, and dialyzed against the same buffer 
for 24 hours. This fraction contained 9270 units, with an activity of 21.3. 
The dialyzed sample was adjusted to pH 11.0 with sodium hydroxide and 
allowed to stand for 1 hour. The ammonium sulfate concentration was 
then brought to 40 per cent saturation by addition of solid salt. The 
precipitate was removed by centrifuging, and the supernatant solution 
was adjusted to 60 per cent saturation by addition of more ammonium 
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sulfate. The precipitate was collected by centrifugation and redissolved 
in a small volume of 0.01 m phosphate buffer, pH 7.0. This solution was 
dialyzed for 48 hours against frequent changes of 0.01 m phosphate buffer, 
pH 7.0. This fraction contained 4000 units, with an activity of 200 repre- 
senting a 30 per cent recovery of the initial activity and a 25-fold purifi- 
cation. The enzyme preparation was maintained at 5° at all stages of 
its preparation and was stored in the frozen state until used. Such prepa- 
rations were designated as “partially purified’? enzymes. 
Substrates—8-Nitropropionic acid was prepared from 8-iodopropionic 
acid and silver nitrite (9). Nitroacetic acid was prepared from nitro- 
methane (10). All other nitro compounds were obtained from the East- 
man Kodak Company. These substrates were dissolved in phosphate buf- 
fer and adjusted to pH 7.0. Solutions of nitroethane were stored at 5° 


TaBie 


Proportionality of Concentration of Enzyme to Klett Reading in Colorimetric Assay 
for Activity of Enzyme 


Protein Klett reading | Calculated activity of enzyme 
me. 
9 | 41 45 
18 | 70 39 
27 | 103 38 
36 132 37 


for no longer than 3 days. All other solutions were prepared immediately 
before use. 

Analysis of Reactants and Products—The oxygen consumed during the 
enzymatic oxidation of nitroethane was measured at 30° in the Warburg 
respirometer. Each flask contained 1.0 ml. of 0.2 mM phosphate buffer, 
pH 7.0, 0.25 ml. of freshly prepared 0.5 m nitroethane, 1.0 ml. of enzyme, 
and water to make a final volume of 2.50 ml. Unless otherwise indicated, 
the center well contained 0.15 ml. of 20 per cent KOH, plus a filter paper 
wick. Control flasks in which the enzyme was omitted or in which boiled 
enzyme was substituted for the fresh enzyme were run simultaneously 
to correct for the non-enzymatic decomposition of nitroethane. The vol- 
ume of oxygen taken up in 40 minutes under these conditions also served 
as & manometric assay which confirmed and extended results obtained by 
use of the colorimetric assay for enzymatic activity. 

With samples for which the ratio of nitrite liberation to oxygen uptake 
was desired, the nitrite content of the reaction mixture was determined 
after 2.5 to 5.0 um of oxygen had been consumed. Enzymatic action was 
stopped by diluting the reaction mixture 100-fold with phosphate buffer, 
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pH 7.0. To remove the residual nitroethane which interfered with the 
quantitative determination of nitrite, an aliquot of this mixture was dis- 
tilled for 10 minutes in vacuo at a residual pressure of about 20 mm. of 
Hg. Water was added at intervals to maintain the original volume in the 
distilling flask. The contents of the flask were then quantitatively washed 
into a volumetric flask and made to volume. By such a distillation, nitro- 
ethane was removed from the reaction mixture with no measurable de- 
composition. Nitrite could then be determined quantitatively. When a 
known amount of nitrite was added to 0.005 m nitroethane and subjected 
to a similar distillation, the recovery of nitrite was 94.3 + 3.7 per cent 
in seven trials. All the values of nitrite determined by this method were 
corrected for this slightly low recovery. Nitrite was determined by means 
of sulfanilic acid and a-naphthylamine (7). Solutions of sodium nitrite 
were used as standards. 

With respirometer flasks in which the ratio of nitrite to aldehyde was 
to be determined, the alkali in the center well was omitted to eliminate 
any possible trapping of the aldehyde in the alkali. When 3.5 um of oxy- 
gen had been consumed, 1.0 ml. of the cell contents was quickly transferred 
to 1.0 ml. of ice-cold 1.0 m KH2PO,. The pH of this mixture was low 
enough to inhibit further enzymatic activity. Aldehyde was estimated 
by determining the extent of oxidation of enzymatically reduced diphos- 
phopyridine nucleotide (DPN) (11) in the presence of crystalline alcohol 
dehydrogenase (12) under the conditions described by Horecker and Korn- 
berg (13). The molecular extinction coefficient of 6.22 K 10 sq. cm. X 
mole was used in these calculations. 

Anaerobic Studies—Studies of enzymatic activity under anaerobic con- 
ditions were carried on in Thunberg tubes which were flushed with nitrogen 
several times and then evacuated. The enzymatic reaction was initiated 
by mixing enzyme and nitroethane in the evacuated tubes. The tubes 
were incubated for 10 to 20 minutes at room temperature, after which time 
the enzymatic reaction was stopped by addition of copper sulfate to the 
reaction mixture before the tubes were opened. Aliquots of the reaction 
mixture were assayed for nitrite colorimetrically. The contents of tubes 
containing methylene blue were treated with norit before estimation of 
nitrite. For comparison, a similar assay was performed in test-tubes in 
the normal manner. The concentration of enzyme used in these anaerobic 
studies was 4- to 6-fold greater than that used in the normal assay in 
order to obtain significant activity under anaerobic conditions. 


RESULTS AND DISCUSSION 


General Properties of Enzyme—The enzyme was completely stable to 
dialysis. After 24 to 48 hours of dialysis at 5° against 0.01 m phosphate 
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buffer, pH 7.0, neither the crude nor the partially purified enzyme lost 
activity. A crude enzyme which had dialyzed in this manner for 90 hours 
showed no loss of activity or any increase in activity when a boiled crude 
extract of Neurospora was added. The enzyme could be stored in the 
refrigerator for several days without appreciable loss of activity. When 
stored in the deep freeze at about —20°, activity decreased slowly over a 
period of weeks. 

The enzyme was readily inactivated by heat. 70 per cent of its ac- 
tivity was lost by heating at 50° for 10 seconds. Heating at 100° for 2 


READING 


KLETT 


55 60 65 70 75 
pH 
Fig. 1. Influence of pH on the rate of enzymatic liberation of nitrite from nitro- 
ethane. 


minutes completely destroyed the enzyme. In the colorimetric determi- 
nation of enzymatic activity there was little change when the assay was 
performed at temperatures between 25-35°. 

Hydrogen ion concentration had a marked influence on the stability 
of the enzyme. If the enzyme were incubated at 0° for 1 hour at pH 11.0, 
full activity could be recovered upon readjusting the solution to pH 7.0; 
however, almost all enzymatic activity was lost after a similar incubation 
at pH 5.5. 

The effect of pH on enzymatic activity was determined by use of phos- 
phate buffers of suitable pH values. Fig. 1 indicates that maximum ac- 
tivity was obtained at pH 7.0. Both the crude and partially purified 
enzyme had the same pH optimum. Extension of the pH-activity curve 
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into the alkaline range was difficult, since maleic acid, “tris,’’ and boric 
acid partially inhibited the enzyme. 

The rate of enzymatic action on nitroethane was found to decrease 
with time. Fig. 2 indicates the rate of oxygen uptake when enzymatic 


asc 


mm> Oo UPTAKE 


MINUTES 
Fic. 2. Oxidation of nitroethane by the enzyme 
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Fic. 3. Effect of substrate concentration on enzymatic activity 


activity was determined manometrically. A similar decrease in rate was 
also observed when the rate of aldehyde and nitrite production was de- 
termined. 

Substrate Concentration and Specificity —The effect of substrate concen- 
tration on enzymatic activity when determined colorimetrically is  indi- 
cated by Fig. 3. Maximum activity was obtained at 0.05 m nitroethane, 
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while less than 10 per cent of maximum activity was obtained at 0.005 
nitroethane. Similar results were obtained when enzymatic activity was 
determined manometrically. 

Substrate specificity of the enzyme was tested by substituting various 
nitro compounds for nitroethane in the colorimetric procedure for deter- 
mining activity. To increase the sensitivity of the test, the incubation 
period was lengthened to 10 minutes and the concentration of enzyme 
increased 6-fold. Because of their limited solubility, the final concentra- 
tion of the cyclic nitro compounds was 0.008 m, while the remaining com- 
pounds were tested at 0.04 or 0.05 m. No enzymatic activity could be 
determined when the following compounds served as substrates: 2-methyl- 
2-nitro-1-propanol, 2-methyl-2-nitro-1 ,3-propandiol, p-nitrobenzoic acid, 
m-nitrobenzoic acid, nitrobenzene, and 5-nitrouracil. Slight activity was 
observed with nitromethane, nitroacetic acid, and 1-chloro-1-nitropropane. 
In the last three cases, the activity was less than 5 per cent of the activity 
of the enzyme towards nitroethane. On the other hand, nitrite was en- 
zymatically liberated from §8-nitropropionic acid, 1-nitropropane, and 2- 
nitropropane, at a rate comparable to that from nitroethane. Maximum 
substrate concentration for 8-nitropropionic acid was similar to that for 
nitroethane. 

In so far as this restricted selection of compounds allows generalizations 
to be drawn, it may be concluded that the enzyme is inactive towards 
cyclic nitro compounds and attacks only a limited number of aliphatic 
nitro compounds. Whether any of the compounds tested above are the 
natural substrates of the enzyme cannot be determined with available 
information. It is possible that an unrecognized nitro compound occur- 
ring in the mycelium of Neurospora may serve in this capacity. However, 
the occurrence of 8-nitropropionic acid in the culture medium of Asper- 
gillus flavus (4) is at least suggestive that that compound may be the 
natural substrate for the enzyme. 

Inhibitors—The effect of a number of compounds on enzymatic activity 
is presented in Table II. For these studies, enzymatic activity was de- 
termined colorimetrically. Controls were performed to assure that the 
investigated compounds themselves caused no appreciable inhibition of the 
development of color when added to a standard amount of nitrite. Since 
azide interfered with the colorimetric determination of enzymatic activity, 
the inhibition by this compound was investigated manometrically. In- 
hibition by cyanide, also determined in this manner, agreed closely with 
that observed when the colorimetric assay of enzymatic activity was em- 
ployed. In these manometric studies, no alkali was present in the center 
well, 


The absence of inhibition by cyanide, azide, hydroxylamine, and fluoride 
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in relatively high concentrations indicates that the enzyme is probably 
not a hemoprotein. The inhibition by such usually innocuous salts as 
sodium chloride and potassium nitrate necessitates a consideration of the 
salt content of assay medium when a quantitative measure of enzymatic 
activity is to be made. 

Nature of Enzymatic Reaction—To determine the nature of the enzy- 
matic reaction, a quantitative analysis was made of the relative volume 
of oxygen uptake and the quantity of nitrite and aldehyde produced during 
the reaction. Analysis of the disappearance of nitroethane would also 
have been desirable. However, because of the necessity of a high con- 
centration of substrate, the per cent of substrate undergoing reaction was 


Il 
Effect of Inhibitors on Enzymatic Activity 


Per cent inhibition 
Compound | Final molarity 
0.2 Oiu | | 0.0001 

NaCn .. 41 0 0 
NaN, — | 26 0 0 0 
NH,OH | 36 0 
NaF .... | 0 
CuSO, .. | 100 a3 
NaCl... 7 62 | 22 0 | 
KC! SO) 70 | 16 0 
NHA.... S2 70 3S 8 0 
NaNO, SS SH 0 0 

87 10 


KNO, 
too low to permit this. For eleven determinations the ratio of moles of 
oxygen consumed to moles of nitrite produced was 1.07 + 0.10. Also, 
the ratio of aldehyde produced to nitrite produced was 0.89 + 0.10 for 
seven determinations. During the enzymatic oxidation of nitroethane, 
no liberation of CO, was found by the direct method (14). These ob- 
served values are in fair agreement with those calculated for the following 
equation, 


CHYCILNO, + Of + CH,CHO + TINO: + 


On the basis of this equation, the aldehyde determined was slightly 
lower than was expected. This might be due to the volatility of the com- 
pound at 30° or to its marked chemical reactivity. Acetaldehyde was not 
found, however, to inerease oxygen consumption when added to the en- 
zyme. A more serious objection to the above equation is that no hydrogen 
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bly peroxide should have accumulated since the enzyme used contained cata- 
lase activity. It is possible that the hydrogen peroxide produced enzy- 


oe matically was utilized in a coupled oxidation such as that described by 
‘tie Keilin and Hartree (15). It is evident then that a final evaluation of the 


above equation must await further investigation. 

. The observed stoichiometry of the reaction and the fact that crystalline 

v7 alcohol dehydrogenase reduces a product of the enzymatic reaction in the 

ing presence of reduced DPN indicate strongly that acetaldehyde is a reac- 
tion product. Scott (16) has presented evidence that nitroethane is simi- 

larly oxidized to nitrite and acetaldehyde, either by citrated rabbit blood 


| or by the intact animal. 

One mechanism for enzymatic action would consist of hydrolysis of 
nitroethane with a subsequent oxidation of the resultant alcohol. Indic- 
ative, although not conclusive, evidence that this view is incorrect is 

Taste 
Enzymatic Activity in Presence of Different Hydrogen Acceptors 
Atmosphere | Enzyme Methylene blue Relative activity 
| “ | 

Boiled 1.0 

that 0.01 to 0.005 m ethyl alcohol did not stimulate oxygen uptake when 
incubated at pH 7.0 with the enzyme. 

In addition to oxygen, methylene blue was observed to function as a 
hydrogen acceptor during the enzymatic oxidation of nitroethane. The 

of relative activity of the enzyme in the presence of these two acceptors is 
be shown in Table III. The low residual activity of the enzyme in the ab- 
” sence of an added hydrogen acceptor may be due to traces of oxygen re- 
ot, maining in the evacuated tube, to incomplete inhibition of the enzyme 
b- before exposing enzyme to air, or to reduction of hydrogen acceptors 
Me present in the crude enzyme. It is evident that, in the absence of oxygen, 
methylene blue stimulated the enzymatic reaction. No stimulation by 
methylene blue has been observed when the reaction occurred aerobically. 
™ It would appear that methylene blue could serve as a hydrogen acceptor, 
ing but only at a fraction of the rate that oxygen functions. 
ot Physiological Significance—The relationship of the enzyme to the ni- 


trogen metabolism of Neurospora was investigated by two methods. 
First, a study was made of the enzyme content of Neurospora cultured 
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with different sources of nitrogen. Two wild strains (5297a, 146) of 
Neurospora were grown on the minimum medium of Beadle and Tatum 
(17), modified to contain various types of nitrogen. The types of media 
containing different nitrogen sources were the following: (1) nitrate-am- 
monia medium, sodium nitrate, 1 gm. per liter, ammonium tartrate, 5 
gm. per liter; (2) nitrate medium, sodium nitrate 3 gm. per liter; (3) ni- 
trite medium, sodium nitrite 2 gm. per liter; (4) ammonium medium, 
ammonium tartrate, 5 gm. per liter, ammonium chloride 1.0 gm. per liter; 
and (5) alanine medium, alanine 5 gm. per liter. The first three media 
were adjusted to pH 5.3 and the latter two media to pH 6.5. 4 to 5 days 
after inoculation, the mycelial mats were harvested, a “crude enzyme” 
prepared, and its activity determined colorimetrically. In these studies, 
activity was expressed as units per mg. of dry weight of extract. Dupli- 
Tasie IV 
Enzymatic Activity of Extracts from Mycelium Grown on Different Sources of Nitrogen 
The figures represent units of activity per mg. of dry weight of extract. 


Strain $297a Strain 146 
Medium 
| Experi- | Experi- Experi-  Experi- 
ment 1 ment 2 | ment 3 ment I ment 2 ment 3 
1.88 | 1.98 | 1.29 | 1.46 | 1.88 | 1.22 
Nitrite... iostus .....| 0.19 | 0.74 | 0.70 | 0.0 | 0.37 | 0.33 
00 000 035 | 002 000 0.18 
Nitrate + ammonia... 2.75 | | 2.56 | 


cate cultures of each medium were usually employed, and the enzymatic 
activity of mycelium from these flasks agrees within + 10 percent. Table 
[V presents the results of three separate experiments. These results in- 
dicate that this enzyme is an adaptive one. Greatest activity occurred 
in mycelium grown in the presence of nitrate. Little activity existed in 
mycelium grown on ammonia or alanine as a sole nitrogen source, while 
intermediate activity was observed when nitrite served as a nitrogen 
source. The possibility that these results are explainable by the high 
final acidity of the ammonium medium seems unlikely since, although 
both the nitrate plus ammonia and the ammonia media had the same final 
pH of 4.2 to 4.4, the medium containing nitrate still favored enzyme 
formation. These considerations suggest, then, that the enzyme oxidizing 
nitroethane may be an adaptive one dependent upon the formation of an 
intermediate involved in the metabolism of nitrate by Neurospora. 
Further support to the view that the assimilation of inorganic nitrogen 
may involve reactions catalyzed by the enzyme was sought in a study of 
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the distribution of the enzyme in various mutants of Neurospora. This 
study was based on the view that a correlation between the absence of 
the enzyme and the presence of a genetic block preventing normal assimi- 
lation of nitrate or nitrite would be presumptive evidence for the involve- 
ment of this enzyme in the nitrogen metabolism of Neurospora. For 
these studies two wild type strains (5297a, 146) were used for comparison. 
Three mutants (A361, 2006, A16)' which utilize nitrite and ammonia but 
not nitrate as a sole nitrogen source, and three mutants (UV392, 2003, 
1896),' which utilize ammonia, but not nitrate or nitrite, as a sole nitro- 
gen source, were employed. The mycelium was grown on a nitrate-am- 
monium medium. Extracts of “crude” enzyme were prepared and assayed 


Tasie V 
Occurrence of Enzymatic Activity in Wild and Mutant Strains of Neurospora 
The figures represent units of activity per mg. of dry weight of extract. 


Strain No. Experiment! Experiment? Experiment 3 
52970 2.04 3.01 | 2.75 
146 | 2.56 
A361 1.12 0.76 
2006 2.17 : 2.25 
Al6 1.57 1.67 
UV392 0.67 2.27 
2003 2.58 3.29 1.70 
1896 0.06 0.14 0.00 


for enzymatic activity as above. The results of three experiments are 
presented in Table V. 

The enzymatic activity in the different strains varied to some extent, 
but it is evident from Table V that only one strain (1896) was clearly 
deficient in enzyme content. Although only a limited number of strains 
of Neurospora have been tested, the fact that the one strain found to be 
deficient in enzyme content was a mutant unable to assimilate inorganic 
nitrogen compounds in a normal manner suggests that the enzyme 
oxidizing nitroethane may be concerned in the inorganic nitrogen nutri- 
tion of Neurospora. 


SUMMARY 


1. Nitroethane is oxidized by an enzyme occurring in Neurospora. 
During the oxidation, approximately | mole of oxygen was consumed for 
each mole of aldehyde and nitrite liberated. 


' The author is indebted to the Staff of the Biology Department, The Johns Hop- 
kins University, for making these mutants available. 


of 

m 

lia 

ni- 

m, 

er; 

ia 

Avs 

*S, 

| 


358 NITROETHANE OXIDAHION BY NEUROSPORA 


2. The enzyme has been purified 25-fold by ammonium sulfate fraction- 
ation. The general properties, including stability and conditions for op- 
timum activity, have been determined. 

3. The enzyme was only slightly inhibited by cyanide, azide, and hy- 
droxylamine in concentrations as high as 0.01 M. 

4. Methylene blue stimulated enzymatic liberation of nitrite from ni- 
troethane when the reaction occurred in the absence of oxygen. The 
rate of nitrite release, however, was small, compared to that occurring 
in the presence of air. 

5. Extracts from mycelium cultured on nitrate possessed greatest en- 
zymatic activity. Little or no activity existed in mycelium grown solely 
on ammonia or alanine, while intermediate activity was found in mycelium 
cultured on nitrite alone. 

6. A mutant of Neurospora, which is unable to use nitrite or nitrate as a 
sole source of nitrogen, was found to be practically devoid of enzymatic 
activity. All other wild strains and mutant strains, exhibiting special 
inorganic nitrogen requirements which were tested, formed the enzyme. 
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The present paper reports the desulfurization of a high potency oxytocin 
preparation (1, 2) by means of Raney nickel catalyst (3, 4). Since the 
sulfur of these preparations has been shown to be present in the form of 
cystine (2), this treatment would be expected to lead to material having 2 
alanine residues in place of a cystine residue. As previously demonstrated 
(5), cystine is not in a terminal position in oxytocin and therefore free 
alanine would not be expected to result on desulfurization. If the di- 
sulfide linkage of cystine were not involved in a cyclic structure, desul- 
furization should result in the formation of at least two fragments. On 
the other hand, if the disulfide were present in some type of evelie struc- 
ture, it is conceivable that only one desulfurized product would result. 
Counter-current distribution of a performic acid-oxidized oxytocin prepa- 
ration did not result in detectable f-uctionation (5). 

In the application of the Raney nickel procedure to these preparations, 
difficulty was experienced in recovery of the desulfurization product. 
After filtration from the nickel, the solution contained a negligibly small 
quantity of ninhydrin-positive material. It was later found that the 
desulfurized product was readily and almost quantitatively recovered by 
repeated boiling of a suspension of the nickel in aleoholic ammonia 
solution. 


EXPERIMENTAL 


The catalyst was prepared according to Pavlic and Adkins (6). A solu- 
tion of 88 mg. of an oxytocin preparation’ (500 units per mg.) in 23 ml. 
of absolute ethanol was stirred and boiled under a reflux in a centrifuge 
tube with about 5 gm. of Raney nickel catalyst for 4 hours. After cen- 
trifugation, the supernatant solution was decanted. The nickel was then 
treated with 10 mil. of absolute ethanel and 5 ml. of concentrated ammonia 
solution, the mixture was boiled, as before, for 20 minutes, and the super- 


* The authors wish to express their appreciation to the Lederle Laboratories 
Division, American Cyanamid Company, for a research grant whieh has aided 
greatly in this investigation. 

' The authors are indebted to Eli Lilly and Company, who made as a gift of some 
of the posterior pituitary powder used in this investigation. 
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natant liquid was recovered after centrifugation. The nickel was ex- 
tracted two more times with alcoholic ammonia. The last extract 
contained an almost negligible amount of material, giving a positive nin- 
hydrin reaction. 

The supernatant liquids were combined and evaporated to dryness in 
vacuo; the residue weighed 93 mg. The material was biologically inactive 
in the Coon assay method for oxytocin (7). 

Analysis of the hydrolyzed desulfurized oxytocin preparation for amino 
acids by the starch column technique (8) showed the same pattern and 
molar ratios of the amino acids which had been found in the original 
oxytocin preparations, except that the cystine peak had disappeared and 
the molar ratio of the material in the glutamic acid-alanine peak to the 
other amino acids was about 2.5:1 instead of 1:1, as in the original oxyto- 
cin preparation. In the oxytocin preparation it had been shown that 
the material in this peak was glutamic acid (2). The additional material 
in this peak in the hydrolyzed desulfurized oxytocin preparation is un- 
doubtedly attributable to the expected alanine. Confirmation of the 
presence of alanine was afforded in an investigation of the free amino 
groups in the desulfurized material (9). 

Attempted Fractionation of Desulfurized Preparation—A counter-current 
distribution of the desulfurized oxytocin preparation in the system water 
and sec-butyl alcohol in an all-glass apparatus (10, 11) was performed, 
and, after 415 transfers, a peak containing by far the major portion of the 
original weight was obtained. The maximum of this peak was at Tube 
90 (K = 0.28).2. This material showed the same eight amino acids in 
about the same proportions as those of the undistributed desulfurized 
oxytocin preparation. 

1 ml. of the solution containing the peak material was chromatographed 
on a column of Ion-X ion exchange resin,’ 250 to 500 mesh, with 5 per 
cent aqueous pyridine as an eluant. Fractions were about 1.00 ml. in 
volume and were collected on a machine every 30 minutes. A drop from 
each fraction was transferred to a piece of paper and developed with 
ninhydrin. Only spots from Fractions 54 and 55 gave a positive color 
reaction. Aliquots of these fractions and other vicinal fractions were 
then used for the quantitative determinations (12) with ninhydrin. The 
results revealed a sharp, small peak with a maximum at Fraction 55, and 
no other peak. The fractions of this peak were united and evaporated. 
The residue was hydrolyzed and paper chromatography showed the same 

? Calculated from the formula AK = the ratio of the concentration in the upper 
phase to the concentration in the lower phase = fuas./M — Toax., Where toss is the 


tube number at the maximum and n is the total number of transfers. 
* Purchased from the Microchemical Specialties Company, Berkeley, California. 
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amino acid pattern as given by a hydrolysate of the original desulfurized 
oxytocin preparation. 

A paper strip chromatogram of 0.30 mg. of desulfurized oxytocin with 
the solvent n-butyl alcohol-water-acetic acid in volume ration 50:50:17 
was run on Whatman No. 1 paper and showed two ninhydrin spots, one 
faint with Ry = 0.42, and one quite intense with Ry, = 0.83. The un- 
developed spots on a separate chromatogram were eluted by a micro 
method (13), hydrolyzed, and chromatographed on paper with the solvent 
phenol-water in a ratio of 3:1. The hydrolysate of the substance having 
R, = 0.83 gave the same pattern as a hydrolysate of the original desul- 
furized material, while the chromatogram of the other hydrolysate gave 


no ninhydrin spots. 


The authors wish to acknowledge gratefully the assistance of Miss 
Emily Evarts and Mrs. Jacqueline Everett Parton in this work. 


SUMMARY 


A method for the desulfurization of oxytocin has been developed. 
Amino acid analysis of the desulfurization product indicated, as expected, 
the presence of alanine residues in place of the cystine residues in the 
original material. 

Certain techniques, which have often been employed to resolve peptide 
mixtures, did not afford evidence for the presence of more than one major 
component in the desulfurized oxytocin preparation. 
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Recently, it was shown that high potency preparations of oxytocin 
upon hydrolysis yield leucine, isoleucine, tyrosine, proline, glutamic acid, 
aspartic acid, glycine, cystine, and ammonia (1, 2). The amino acids 
occurred in molar ratios of 1:1 to each other and the molar ratio of the 
ammonia found was approximately 3:1 to any amino acid. Further work 
provided evidence that the cystine did not occupy a terminal position in 
oxytocin (3). 

The present communication reports the application to the study of 
oxytocin and desulfurized oxytocin preparations' of the technique devel- 
oped by Sanger (4-6) for identifying as dinitrophenyl derivatives the 
amino acids bearing free amino groups in peptides or proteins. In the 
present work, Sanger’s method has been supplemented by analysis with 
the chromatography technique of Moore and Stein (7) on a starch column 
for the unsubstituted amino acids remaining in the acid aqueous solution 
after the dinitrofluorobenzene reaction product had been hydrolyzed and 
extracted with ether. 

A further experiment has been carried out on the oxytocin preparation 
according to the procedure described by Levy (8). In this method pep- 
tides are treated with carbon disulfide, which reacts with any free amino 
groups present to give N-dithiocarboxy derivatives. Acidification of the 
reaction mixture sets free any such substituted amino acid residues as 
2-thio-5-thiazolidone derivatives. In our application of this technique, 
the aqueous solution, after extraction of these derivatives with ethyl ace- 
tate, was evaporated to dryness, hydrolyzed, and subjected to amino acid 
analysis by starch chromatography. 

* The authors wish to express their appreciation to the Lederle Laboratories 
Division, American Cyanamid Company, for a research grant which has aided greatly 
in this investigation. 

'The authors are indebted to Eli Lilly and Company, who generously made 
available to us some of the posterior pituitary powder, U.S. P., used as starting 
material in this investigation. 
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EXPERIMENTAL 


Preparation of Dinitrophenyl (DNP) Amino Acids—Methods described 
by Sanger (4) were used in the preparation of the 2 ,4-dinitrophenyl deri- 
vatives of L-leucine, DL-isoleucine, L-proline, L-glutamic acid, L-aspartic 
acid, and L-cystine. The reactions were carried out with dinitrochloro- 
benzene (DNCB), and the solutions were boiled under a reflux for 2 hours. 


TaB.e I 
Properties of Some of N-DNP Amino Acids Employed As Reference Compounds 


Compound Yield M.p.* | | 
| Calculated | Found 
per cent °C. 

DNP-t-leu- | 81 | 103 CoHi202N 0.85 
cine C485,H5.1 | C 48.1, H 5.3 

DNP-pL-iso- 87 | 178t CoH,20:N -CoH,0.N; 0.85 
leucine C48.5,H5.1 | C 48.7, H 5.1 

DN P-L-pro- 81 144} C,H,0.N -C.H;O,N 2 0.31 
line C47.0,H39 | C 46.3, H 4.0 

DNP-t-glu- | 55 | 125 0.15 
tamic acid C41.0,H3.7 | C 41.3, H 3.7 

DNP-t-as- | 60 | 188 0.08 
partic acid C40.1,H30 | C 39.9, H 3.5 

N,N’-Bis- 19 | 161 0.14 
DNP-t- C 36.6,H3.1,8108 | C364, H 3.0,8 11.0 
cystine§ | 


* Melting points were taken on a micro melting point apparatus. 

t & is defined as the movement of the position of maximum concentration of 
solute divided by the simultaneous movement of the surface of developing fluid in 
the tube above adsorbent. The values are for pH 7.5, except those for DNP-.- 
glutamic acid and DNP-.-aspartic acid, which are at pH 5.8. 

t Porter and Sanger (6) report melting points of 166° and 137° for DNP-pL-iso- 
leucine and DNP-L-proline respectively. 

§ Crystallized and recrystallized from ethanol. Porter and Sanger (6) report a 
melting point of 109° for N, N’-bis-DNP-.-cystine crystallized from ethylene glycol 
monoethyl ether-water and recrystallized from acetic acid-water. 


The yields, melting points, analytical data, and the R values (9) are given 
in Table I. 

For the tyrosine derivatives, the L-tyrosine was treated with dinitro- 
fluorobenzene (DNFB) at room temperature for either 2 or 24 hours. 
An oily product was obtained which was shown by chromatography to 
contain two colored components. When dinitrochlorobenzene was used, 
the same two colored components were obtained. The R value of the 
faster moving component was 1.4 at pH 7.5, that of the slower moving 


0 
Analysis 
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component 0.97. These two compounds were presumed to be N-DNP- 
and O,N-bis-DNP-1-tyrosine, since Sanger (4) reported that, when 
tyrosine is treated with DNCB, O,N-bis-DNP-tyrosine and N-DNP- 
tyrosine are obtained. However, he reported that DNFB gave only 
0,N-bis-DNP-tyrosine. The O-DNP-.-tyrosine was prepared as de- 
scribed by Sanger (4). 

DNP-glycine and DNP-pt-alanine were prepared according to the 
method of Abderhalden and Blumberg (10). The former had an R value 
of 0.19 at pH 7.5, the latter an R value of 0.33. 

Chromatography of DNP Amino Acids—In the present investigation, 
buffered columns of Hyflo Super-Cel, with ethyl acetate as the mobile 
phase, have been used (11).2, The columns were prepared by addition of 
2.5 gm. of Hyflo Super-Cel to a mixture of 60 ml. of ethyl acetate (alcohol- 
free, saturated with water) and 1 ml. of 0.05 m phosphate buffer; the mix- 
ture was well shaken and poured into a chromatogram tube (internal 
diameter 1 cm.). The adsorbent was pressed down with a glass rod until 
firmly packed. Approximately 0.2 mg. of DNP amino acid, dissolved in a 
few drops of ethyl acetate, was added to the column and the chromato- 
grams were then developed with ethyl acetate. The two phosphate buffer 
solutions found to be most effective possessed pH values of 7.5 and 5.8. 

Preparation of DN P-Oxytocin and DN P-Desulfurized Oxytocin—20.1 mg. 
of an oxytocin preparation (600 units per mg.) were dissolved in 0.6 ml. of 
water containing 20 mg. of sodium bicarbonate, and 21 mg. of DNFB in 
1 ml. of ethanol were added. The mixture was shaken for 3 hours at 
room temperature and was evaporated to dryness in vacuo. The residue 
was shaken with a mixture of 1 ml. of water and 0.5 ml. of ether; the ether 
layer was discarded. A viscous oil remained in the aqueous layer. This 
oil was separated by centrifugation and dried in vacuo, and the residue 
was rubbed with dry ethanol until it became granular. Evaporation of 
the ethanol yielded 28.8 mg. of yellow powder. 

A DNP derivative was prepared in a similar fashion from the desul- 
furized oxytocin preparation described in a previous communication (12), 
5 mg. of the desulfurized oxytocin being allowed to react with 7 mg. of 
DNFB. 

Hydrolysis of DN P-Oxyltocin and DN P-Desulfurized Oxytocin—9.3 mg. of 
the DNP-oxytocin preparation were hydrolyzed by heating under a reflux 
a solution of the material in 2 ml. of 6 N hydrochloric acid in an atmos- 
phere of nitrogen for 16 hours. The hydrolysate was extracted repeatedly 
with ether. The combined ether extracts were washed with a little water 
and evaporated to dryness. The residue, after being kept overnight in 

2? We wish to thank Dr. Paul H. Bell, Stamford Research Laboratories, American 
Cyanamid Company, for this suggestion. 
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vacuo over potassium hydroxide, was dissolved in a few drops of ethyl 
acetate for detection of the DNP amino acids. The DNP-desulfurized 
oxytocin preparation was treated in a similar fashion. 

In each case, the aqueous phase, after it had been extracted with ether, 
was evaporated to dryness and analyzed for amino acids by chromato- 
graphy on starch as described previously (1, 2). 

A small amount of the DNP-oxytocin preparation was also hydrolyzed 
with 12 n hydrochloric acid in a sealed tube at 100° for 16 hours. These 
conditions have been stated to lead to a better isolation of DNP-proline 
(6). 

DNP_ Derivatives Resulting from Hydrolysis of DN P-Oxytocin Prepara- 
tion—The ethyl acetate solution of the DNP amino acids from the DNP- 
oxytocin preparation gave three bands on passage through a Hyflo 
Super-Cel column at pH 7.5: Band A, R = 1.4, brownish yellow; Band 
B, R = 1.1, yellow; and Band C, R = 0.87, light brown. Bands A and B 
were eluted separately and concentrated eluates were passed through 
separate columns for purification. The material in Band A, together with 
that in the fast moving band from the reaction of tyrosine with DNFB, 
gave one yellow band (R = 1.4). The material in Band B (R = 1.1), 
together with the mixture obtained from the reaction of tyrosine with 
DNFB, gave two yellow bands (R = 1.4 and R 1.1). No trace of 
DNP-proline was detected when the material from the 16 hour hydrolysis 
at 100° in a sealed tube was chromatographed. 

When a portion of the mixture of derivatives from the DNP-oxytocin 
preparation was run with DNP-.-leucine, four instead of three bands were 
obtained. Thus it would appear that Band C, R = 0.87, did not cor- 
respond to any of the synthetic DNP derivatives shown in Table I. 

The aqueous layer from the hydrolysate of the DNP-oxytocin prepara- 
tion was then analyzed for amino acids. In Table II the molar ratios of 
the component amino acids to each other are shown.’ No free tyrosine 
was found and considerably less cystine than that obtained from untreated 
oxytocin preparations was present. However, some tyrosine was ob- 
tained as the O-DNP derivative, the remainder presumably being ac- 
counted for as the N-DNP and O,N-bis-DNP derivatives found in the 
ether extract. The fact that less cystine was present in the aqueous 
layer led to the suspicion that the third band (Band C, Rk = 0.87), which 
contained insufficient material to purify and study, was probably derived 
from cystine. 

Experiments with other preparations of similar potency gave sub- 
stantially the same results. 


preliminary experiment a comparable DNP-oxytocin preparation made 
by Dr. Johannes M. Mueller in this laboratory had also been shown to give the 
same pattern of unsubstituted amino acids. 


=> 
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DNP._ Derivatives Resulting from Hydrolysis of DN P-Desulfurized Oxy- 
tocin Preparation—The passage of an ethyl acetate solution of the 
ether-soluble DNP amino acids from the DNP-desulfurized oxytocin hy- 
drolysate through a Hyflo Super-Cel column at pH 7.5 gave three bands: 
Band A, R = 1.4, brownish yellow; Band B, R = 1.05, yellow; and Band 


Taste II 
Amino Acid Analysis of Material Remaining in Acidic Aqueous Layer* 


| Molar ratios between constituents of 
Constituent Carbon 
DNP-oxytocin DNP-desulfurized _disulfide-treated 
oxytocin preparation oxytocin 
prepara 
Glutamic acid or alanine or both..__. 09 i 2.07 
(0.98§ + 1.09))) 
Aspartic acid ...... 1.07 1.07 1.09 
Ammonia. . 3.39 3.79 | 2.62 
Cystine......... 0.50 | 0.48 


* The solvent system used for the chromatograms was 1:2:1 n-butyl alcohol-n- 
propyl aleohol-0.1 x HCl followed by 2:1 n-propyl aleohol-0.5 ~ HCl (7). This 
system does not separate glutamic acid and alanine. 

t The peak attributed to this compound was at effluent 7 ml. In a separate 
chromatogram the synthetic O-DNP-.-tyrosine was shown to emerge at this posi- 
tion. The color yield (13) of this substance was found to be 0.92. 

t Leucine and isoleucine arbitrarily chosen as 1.00. 

§ Value assigned to glutamic acid on the basis of data on DNP-oxytocin prepa- 


ration. 
|| The alanine value, calculated on the basis of a molar ratio for glutamic acid 


of 0.98. 


D, R = 0.38, yellow. There was no trace of Band C, R = 0.87, which 
had appeared in the DNP-oxytoein study. 

Band A from the DNP-desulfurized oxytocin preparation showed no 
separation from Band A from the DNP-oxytocin preparation when a mix- 
ture of the materials was chromatographed. This also held true for the 
corresponding Bands B from both preparations. The most slowly moving 
band (Band D) had an R value close to that shown by synthetie DNP- 
alanine (R = 0.33). When material from Band D was run on a column 
(pH 7.5) with synthetic DNP-alanine, a single band (R = 0.38) was 
obtained. 
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Chromatography on starch of the aqueous layer from the DNP-de- 
sulfurized oxytocin hydrolysate gave the molar ratios shown in Table II. 
No tyrosine was found, but O-DNP-tyrosine was found and approximately 
2 moles of amino acid per mole of leucine were found at the glutamic- 
alanine position, which are considerably less than that in the original 
desulfurized oxytocin preparation. 

Reaction of Oxytocin with Carbon Disulfide—The oxytocin preparation 
(5 mg.) was dissolved in 0.04 ml. of 0.34 N barium hydroxide solution and 
0.02 ml. of water. The solution was shaken with 2 drops of carbon di- 
sulfide for 22 hours in an atmosphere of nitrogen. After evaporation of 
the excess carbon disulfide, the barium was removed with 0.1 N sulfuric 
acid. After filtration, the solution (3 ml.) was then treated with 0.5 ml. 
of concentrated hydrochloric acid and was allowed to stand at room tem- 
perature for 1 hour. The solution was then extracted with ethyl acetate 
and the residual aqueous layer was evaporated to dryness. The residue 
was hydrolyzed and the hydrolysate was analyzed for amino acids. The 
molar ratios of the constituent amino acids are shown in Table II. 


DISCUSSION 


In the application of the techniques of Sanger and Levy to the study of 
high potency oxytocin preparations, six of the eight constituent amino 
acids, namely leucine, isoleucine, proline, glutamic acid, aspartic acid, 
and glycine, were not affected by dinitrofluorobenzene or carbon disulfide. 
Thus it would appear that in oxytocin these amino acids do not bear free 
amino groups. When a desulfurized oxytocin preparation was treated 
with the same reagents, the same six amino acids were not affected. 

After the oxytocin and the desulfurized oxytocin preparations were 
treated with DNFB and hydrolyzed, no free tyrosine remained in the 
fractions analyzed for amino acids after the removal of the ether-soluble 
DNP amino acids. However, 0-DNP-tyrosine was found in these frac- 
tions,‘ and evidence was obtained that both N-DNP- and O,N-bis-DNP- 
tyrosine were present in the ether-soluble fractions. After treatment of a 
high potency preparation with carbon disulfide, only a small amount of 
tyrosine was detected in the fraction analyzed for unsubstituted amino 
acids. 

The only other amino acid of the oxytocin preparation affected by these 
reagents was cystine. After the reaction of the oxytocin preparation with 
DNFB, analysis of the unsubstituted amino acids on starch columns 
showed the presence of considerably less cystine than was found in un- 

‘It has also been shown that the tyrosine present in high potency oxytocin prepa- 


rations reacts with diazomethane to give O-methyltyrosine (Turner, R. A., Gordon, 
S., and du Vigneaud, V., unpublished work). 
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treated oxytocin preparations, while the fraction containing DNP amino 
acids showed one unidentified compound. Less cystine was also present 
in the unsubstituted amino acid fraction obtained from oxytocin after 
treatment with carbon disulfide. 

After the desulfurized oxytocin preparation was treated with DNFB 
and hydrolyzed, the analysis for free amino acids showed the presence 
of 2 moles of amino acid per mole of leucine in the glutamic acid-alanine 
peak, which is considerably less than was found in the original desulfurized 
oxytocin. DNP-alanine was identified among the ether-soluble DNP 
amino acids. The appearance of this band of DNP-alanine during the 
chromatography of the ether-soluble DNP amino acids from the desul- 
furized oxytocin preparation, together with the absence of the unidentified 
compound obtained in the case of the DNP-oxytocin preparation, indi- 
cates that the unknown band was derived from cystine. 


The authors wish to acknowledge the capable assistance of Mrs. 
Jacqueline Everett Parton in connection with the chromatography on 
starch and to thank Dr. Julian R. Rachele and Mrs. Tamara Brailovsky 
for the microanalyses. 


SUMMARY 


The dinitrophenyl technique of Sanger and the \-dithiocarboxy pro- 
cedure of Levy for determining free amino groups in peptides and proteins 
have been applied to oxytocin and desulfurized oxytocin preparations. 
After oxytocin preparations had been treated with dinitrofluorobenzene 
under conditions similar to those employed by Sanger for polypeptides 
and proteins, six of the eight constituent amino acids, namely leucine, 
isoleucine, proline, glutamic acid, aspartic acid, and glycine, were not 
affected. The amino acids affected were tyrosine and cystine. 

Treatment of a desulfurized oxytocin preparation by the same technique 
showed that the same six amino acids were not affected, and tyrosine and 
alanine (arising through desulfurization) alone were affected. 

When the oxytocin preparation was treated with carbon disulfide as 
described by Levy, again the only amino acids affected were tyrosine 
and cystine. 
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By B. L. HORECKER anp P. Z. SMYRNIOTIS 


(From the National Institute of Arthritis and Metabolic Diseases, National Institutes 
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(Received for publication, June 9, 1951) 


The oxidation of glucose-6-phosphate in yeast and in red blood cells 
was demonstrated by Warburg and Christian (2) and the product identi- 
fied as 6-phosphogluconie acid (3). This was found to be further oxidized 
by yeast extracts (4, 5) with triphosphopyridine nucleotide (TPN) as the 
coenzyme (5). The quantities of oxygen consumed and carbon dioxide 
evolved indicated that several oxidation and decarboxylation steps oc- 
curred and a number of products were separated from the reaction mix- 
tures, none of which was finally identified. With similar enzyme 
preparations from yeast, Dickens (6) observed a product giving the orcinol 
pentose reaction, together with substances which appeared to result from 
further oxidative reactions. Ribose-5-phosphate was postulated as an 
intermediate in the oxidation of 6-phosphogluconate, since it was oxidized 
by the enzyme preparations more rapidly than arabinose-5-phosphate or 
xylose-5-phosphate (7). Dickens and Glock (8) have recently studied 
this system in animal tissues with similar results. Cohen and Scott (9) 
have examined the products formed in the oxidation of 6-phosphogluconate 
by the yeast preparation of Dickens and have confirmed the presence of a 
ribose ester which behaved in paper chromatography like ribose-5-phos- 
phate. On the basis of paper chromatography it was further concluded 
that phosphate esters of arabinose, 2-ketogluconic acid, and triose were 
present in the reaction mixture. A phosphate ester giving an atypical 
orcinol reaction was also observed on the paper chromatogram. 

These observations supported the hypothesis advanced by Lipmann (4) 
and by Dickens (10) that a pathway other than glycolysis exists for the 
degradation of glucose-6-phosphate. In order to establish the nature of 
the intermediate products and ultimately to evaluate the significance of 
this pathway in carbohydrate metabolism and pentose production, the 
purification of the enzymes involved was undertaken. In this paper are 
described a method for the purification of 6-phosphogluconic dehydrogen- 
ase from yeast extracts and some of the properties of the purified enzyme. 
In the presence of the purified enzyme preparation, 6-phosphogluconate 


* Presented at the Forty-first annual meeting of the American Society of Bio- 
logical Chemists, Atlantic City, March, 1950 (1). 


371 


. Se., 
951). 


372 PHOSPHOGLUCONIC ACID DEHYDROGENASE 


was converted completely to pentose phosphate and CO, according to the 
following equation. 


(1) 6-Phosphogluconate + TPN — pentose phosphate + CO, + TPNH, 


From the reaction mixture it has been possible to isolate two pentose 
phosphates which have been identified as p-ribulose-5-phosphate (p- 
adonose-5-phosphate) and p-ribose-5-phosphate. These results are the 
subject of the sueceeding paper (11). 


Methods 


Substrates—Glucose-6-phosphate was synthesized by the direct esterifi- 
cation of glucose with polyphosphoric acid (12) and isolated as the barium 
salt. Barium 6-phosphogluconate was prepared by a modification (12) 
of the procedure of Robison and King (13). The product was about 95 
per cent pure by enzymatic assay and was free of glucose-6-phosphate and 
other phosphate esters. To convert the barium salt to the potassium 
salt it was dissolved in water with the aid of acetic acid and the barium 
precipitated with a slight excess of sulfuric acid. Barium sulfate was 
removed by centrifugation and the supernatant solution adjusted to pH 
Le with potassium hydroxide. Freshly neutralized redistilled pyruvic 

acid (Eastman) or freshly dissolved Na pyruvate (Nutritional Biochemi- 
cals Corporation) was used. 

Coenzymes—TPN (purity = 70 to 86 per cent) was prepared by a 
method involving purification by ion exchange chromatography of a crude 
liver fraction.'. Diphosphopyridine nucleotide (DPN) (purity = 78 per 
cent) was prepared by a modification of the method of Williamson and 
Green (14) and reduced by the method of Ohlmeyer (15). 

Lactic Dehydrogenase—This was prepared from rabbit muscle by the 
method of Kornberg (16). 1 mg. of this preparation catalyzed the oxi- 
dation of 400 um (micromoles) of DPNH;, per minute at 25° in the presence 
of 0.6 K 10-* mM DPNH; and excess pyruvate. 

Determinations—Spectrophotometric measurements were made with a 
Beckman model DU quartz spectrophotometer with 1.0 em. cells having 
a capacity of 1.5 to 1.6 cc. The extinction coefficient of reduced pyridine 
nucleotide at 340 my was taken to be 6.22 « 10* sq. em. per mole (17). 
Manometric experiments were carried out with the conventional Warburg 
apparatus. 

Pentose was determined colorimetrically by the oricinol method of 
Mejbaum (18), except that heating was continued for 40 minutes. Pyru- 
vate was assayed by oxidation of DPNH, in the presence of lactic dehy- 
drogenase. Phosphogluconate was determined by the reduction of TPN 


' Kornberg, A., and Horecker, B. L., unpublished. 
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with purified phosphogluconic dehydrogenase. Since the purified enzyme 
preparation still contained glucose-6-phosphate dehydrogenase (Zwischen- 
ferment) activity, it was necessary to establish the absence of glucose-6- 
phosphate. This was done with a Zwischenferment preparation free of 
phosphogluconic dehydrogenase, obtained from dried brewers’ yeast by 
the method of Kornberg (16). The details of the method for phospho- 
gluconate and TPN assay are discussed in a later section. 

Protein was determined by the turbidimetric procedure of Biicher (19), 
standardized with protein samples of known N content. 

Enzyme Test—The activity of phosphogluconic dehydrogenase was cal- 
culated from the initial rate of TPN reduction measured at 340 mp. The 
effect of enzyme concentration on the reaction rate is shown in Fig. 1. 
Although the rate falls off considerably at high enzyme concentrations, it 


Fic. 1. Rate of TPN reduction as a function of enzyme concentration. The 
absorption cell contained 0.15 um of TPN, 0.7 um of potassium-6-phosphogluconate, 
0.013 « MgCl, and 0.04 mw glycylglycine buffer, pH 7.5, in a total volume of 1.55 cc. 
The reaction was begun by the addition of enzyme. 


is essentially linear in the lower range. Errors due to this lack of linearity 
were avoided by the use of dilutions of enzyme which produced density 
changes of 0.010 to 0.020 density units per minute. A unit of enzyme was 
defined as the quantity in the test cell which would result in a density 
change of 1.0 per minute, based on the first 4 minutes. Specific activity 
was the number of enzyme units per mg. of protein. 


Results 


Purification of Enzyme 

Sources of Phosphogluconic Dehydrogenase—The enzyme was present in 
all tissues examined (Table I). It was abundant in dried brewers’ yeast, 
liver, kidney, brain, and red blood cells. In agreement with Dickens and 
Glock (8), extracts of skeletal muscle were found to have low activity. 
Dried brewers’ yeast was a convenient and stable source of the enzyme. 

Extraction—Anheuser-Busch brewers’ yeast, dried at low temperature, 
was autolyzed for 44 hours at 34° with 3 volumes of 0.1 m NaHCO; and 
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the autolysate cooled and centrifuged. Subsequent operations were car- 
ried out at 0-3°. From 120 gm. of dried yeast, 210 cc. of extract were 


obtained (yeast extract, Table LL). 
Taste I 
__Phosphogluconic De Dehydrogenase Activity 
Seusse | Activity* | Spectic activity 
units wmils per mg. 
Brewers’ yeast (Anheuser-Busch). . 26.4 0.31 
* (Gunther). . 7.0 0.22 
(Ballantine) 8.4 
Rabbit kidney. . sw 9.0 0.035 
liver 7.5 0.033 
cells 5.1 0.087t 
Hog liver. 9.6-16.2 
“ kidney 5.4-11.7 
wi ches 7.8 
0.5 


Rabbit skeletal muscle. 
4 * Total units extracted from 1 gm. of acetone powder or dried brewers’ yeast. 
From homogenates of fresh tissues, essentially the same activity per unit of dry 
weight was obtained as from acetone powders. 


+ Based on protein exclusive of hemoglobin. 
Il 
Purification of Phosphogluconic Dehydrogenase 
Step | Total units Specific activity 
Yeast extract... 3160 0.3 
Acetone fraction... 1.5 
Protamine supernatant ISS) 2.6 
Ammonium sulfate fraction 1070 6.6 


Aluminum hydroxide eluate 5 15.6 


Acetone Precipitation——-Vhe yeast extract was diluted with 1260 ce. of 
cold water and brought to pil 4.80 by the addition of about 26 cc. of 2s 
acetic acid. The resulting precipitate was immediately centrifuged at 2° 
and disearded. ‘To the supernatant solution (1460 ec.) were slowly added 
686 ce. of SO per cent acetone, previously chilled to — 10°. During the 
wddition, which required 6 minutes, the mixture was cooled to —S°. After 
10 minutes at this temperature, the solution was centrifuged and the pre- 
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cipitate dissolved in 120 ec. of 0.01 Mm phosphate buffer, pH 6.4. The pH 
was brought to 6.2 by the addition of 2.6 cc. of 0.1 N NaOH (acetone 
fraction). 

Protamine Precipitation—The acetone fraction was treated with 125 mg. 
of protamine sulfate (Lilly) dissolved in 12.5 ce. of water and the precipi- 
tate discarded (protamine supernatant). 

Ammonium Sulfate Fractionation—The protamine supernatant (134 ee.) 
was treated with 48.4 gm. of ammonium sulfate and the pH adjusted to 
5.0 by the addition of 0.5 ce. of 1 NS acetic acid. The resulting precipitate 
was centrifuged and the supernatant fluid brought to pH 4.50 with 1.2 ce. 
of | N acetic acid. The precipitate was collected on the centrifuge and 
dissolved in 12 ec. of 0.25 m glyeviglycine buffer, pH 7.5 (ammonium 
sulfate fraction). 

Aluminum Hydroxide Gel Adsorption—The ammonium sulfate fraction 


(12.5 ee.) was diluted with 125 ce. of water and adsorbed on SO ce. of 


aluminum hydroxide Cy gel (20) containing 910 mg. of dry weight. The 
gel was centrifuged, the supernatant fluid discarded, and the enzyme eluted 
with six 20 ce. portions of 0.05 Mm phosphate buffer, pH 7.0. The combined 
eluates had a volume of 170 ec. (aluminum hydroxide eluate). 


Properties of Enzyme 


Stability—Although the dried brewers’ veast which served as the en- 
tyme source has been stored at 2° for over 2 vears with no perceptible loss 
in activity, the enayme became rather unstable during the purification 
procedure. It was, therefore, important to carry the preparation through 
the ammonium sulfate step without interruption. At this point, the 
frozen enzyme solution stored at — 16° lost 15 to 40 per cent of its activity 
in | month. 

If the ammonium sulfate precipitate was dissolved in water instead of 
glveviglycine buffer, the frozen solution deteriorated 50 per cent over 
night. However, other salts, such as 0.1 « phosphate buffer, pH 7.5, or 
NaliCO, could be substituted for glvevighveine buffer. Because of 
its greater stability, the ammonium sulfate fraction was used in the experi- 
ments reported here, rather than the more active aluminum hydroxide 
eluate. 

Activation by Glycylglycine and Magnesium -With puritied enzyme prep- 
arations, the rate of reduction of TPN was increased in the presence of 
glveviglveine and magnesium ion as is shown in Table LIL The stimu- 
lating effect of glyvevighveine was apparently related to the remeval of 
heavy metal ions, since similar results were observed with eysteine, pyro- 
phosphate, or evanide. The requirement for ghyevighveme (or cevanide 
was greatly reduced by the addition of higher concentrations of substrate 
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which could also serve to bind heavy metal. The inhibitory effect of 
Cu** (Table IV) was consistent with this interpretation. The rate of 
reduction of TPN was found to be strongly inhibited by Cut** and the 


Taste Ill 
Effect of Glycylglycine Buffer and Mg** on Enzyme Activity 
Test conditions as in Fig. 1, with 2.5 y of phosphogluconic dehydrogenase. 


Phosphogluconate Glycylglycine* MgCh Activity 

moles per i. 108 moles per |. moles per I. wails 
0.65 0 | 0 0.002 
0.65 0.04 0 | 0.017 
0.65 0.04 | 0.01 | 0.024 
6.5 0 | 0 0.018 
6.5 0.04 | 0 0.023 
6.5 | 0.04 | 0.01 | 0.027 
1.3 0 , 0.01 | 0.004¢ 
1.3 0.04 0.01 0.018¢ 
1.3 + 0.01 cyanide 0 0.01 0.017+ 
13+001° 0.04 0.01 0.018t 


* The pH at the conclusion of the experiment was 7.1 to 7.2 with or without added 
glycylglycine buffer. 

t These experiments were carried out with 1.8 y of a different phosphogluconic 
dehydrogenase preparation. 


Tasie IV 
Inhibition of Enzyme Activity by Copper 
Test conditions as in Fig. 1, except for 2.0 yu of 6-phosphogluconate and 1.8 » of 


CuSO. 0.040 glycyliglycine® 0 w glycylelycine 
moles per | per coms imbibdsiion per com! 

10-5 13 

26 53 

10-3 90 

107 100 


= These experiments could not be carried out in the absence of glycyiglycine 
because of the very low activity of the enzyme without glycylglycine under these 
conditions. 


extent of inhibition was dependent upon the glycylglycine concentration. 
It is apparent that traces of Cu++ would inhibit strongly in the absence of 
a metal-binding agent. The requirement for cyanide reported by Dickens 
(6) may be related to this heavy metal sensitivity. Fluoride, iodoacetate, 
malonate, and azide were found to be without inhibitory effect on the 
activity. 
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The stimulating effect of Mg** was found to be highly variable, ranging 
from 40 per cent (Table ILI) to as much as 400 per cent with other batches 
of enzyme. The maximal effect of Mg** was observed at a concentration 
of 5 X 10° mM. Magnesium ion could be replaced by Mn** which was 
most effective at 5 X 10-* m, but inhibited at higher concentrations. 

Effect of pH—The reduction of TPN in glycylglycine buffer proceeds 
with maximal velocity at pH 7.4, as is shown in Fig. 2. 

Substrate Affinity—The relation between the concentration of the re- 
actants and enzyme activity is shown in Fig. 3. The Michaelis constants 


Z os 


60 7° 6.0 
py 


Fia. 2 

Fie. 2. Effect of pHi on rate of TPN reduction. The test conditions were as 

in Fig. 1, with 2.0 4 of enzyme, in 0.04 w glyeyighyeine buffer adjusted to the pH 

Fie. 3. Effect of substrate and TPN concentration on activity of phosphoglu- 

conic dehydrogenase. The test conditions were as in Fig. 1. The right-hand sec- 

tions show Michaelis-Menten plots from which the K,. values were calculated. 6-PG 
denotes 6-phosphogluconate. 


(K..), calculated from the data plotted according to Lineweaver and 
Burk (21), were 5 X 10~* mole per liter for 6-phosphogluconate and 1 
X 10-* mole per liter for TPN. This high affinity of the enzyme for both 
substrate and coenzyme made possible a convenient spectrophotometric 
method for their determination. As is shown in Fig. 4, the reduction 
of TPN proceeded rapidly to a stable end-point, either with limiting 6- 
phosphogluconate in the first case, or with limiting TPN in the second. 
The concentration of the substance assayed is readily calculated from the 
change in density and the extinction coefficient of TPNH; The TPN 
concentration as determined by this procedure was in agreement with 
values obtained with Zwischenferment or isocitric dehydrogenase test sys- 
tems. 
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Specificity of Enzyme—Phosphogluconic dehydrogenase is highly spe- | dat 
cific with respect to both coenzyme and substrate. DPN is completely | to ; 
inactive in the test system. TPN is not reduced by gluconic acid, 2- am 
ketogluconic acid, or ribose-5-phosphate. The purified enzyme prepara- | of { 


0.3 T tior 
6-PHOSPHOGLU- 
CONATE TPN 
¢ ASSAY ASSAY 
1 
tabl 
a te 
A. 8. 
i of 0 
5 10 0 5 libe 
MINUTES 


Fic. 4. Spectrophotometric assay for 6-phosphogluconate and TPN. The test | — — 
solutions contained 0.01 cc. (0.3 mg.) of phosphogluconic dehydrogenase in 0.013 » Exp 
MgCl, and 0.04 m glycylglycine buffer, pH 7.4. In addition, Cell A contained 0.14 
um of TPN and Cell B the TPN sample to be assayed (0.069 um). At the time ine | 
dicated by the arrows, Cell A received 0.03 cc. of the phosphogluconate solution 
to be analyzed (0.056 um) and Cell B 0.03 ec. containing an excess (0.6 um) of phos- 
phogluconate. The final volume after these additions was 1.53 cc. 


TaBLe V 
Phosphogluconic Dehydrogenase and Zwischenferment Activities of Various 
Preparations 
Preparation Phew Zwischenferment (0) 
(a) 
(a) (b) 
unils permg.  wumils per mg @ 
Protamine supernatant... .. 3.2 1.9 0.59 | 
Ammonium sulfate fraction. 6.1 1.9 0.31 


+] Prepared from the same dried brewers’ yeast used in ‘the phosphogluconie pre: 
dehydrogenase preparation. par 


tion still oxidized glucose-6-phosphate, but the results in Table V show | 0° 
that this activity decreased with purification and that preparations of tho 


Zwischenferment could be obtained which were free of 6-phosphogluconic I 
dehydrogenase activity. 
Products of 6-Phosphogluconate Oxidation the 


Accumulation of Reaction Products—The purified enzyme preparation | ‘?) 
lacked the enzymes involved in the oxidation of TPNH, since no reoxi- [ (3) 


et 


ion 
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dation was observed after the substrate was consumed (Fig. 4). In order 
to accumulate the reaction products and avoid the use of stoichiometric 
amounts of TPN it was necessary to furnish a mechanism for the oxidation 
of the reduced coenzyme. This was accomplished by coupling the oxida- 
tion reaction to the reduction of a-ketoglutarate in the presence of am- 
monia and glutamic dehydrogenase, or to the reduction of pyruvate in the 


Taste VI 
Stoichiometry of Phosphogluconate Oxidation by Pyruvate 

The test system contained, in addition to the initial quantities shown in the 
table, 1.1 mg. of purified phosphogluconic dehydrogenase, 0.22 mg. of lactic dehydro- 
genase, 0.33 um of TPN, 0.016 « MgCl, and 0.04 m glyeylglycine buffer, pH 7.5, in 
a total volume of 1.90 cc. The gas space contained He; temperature 26.5°. The 
reaction was begun by tipping TPN from one side arm and stopped by the addition 
of 0.20 ce. of 50 per cent TCA from the second side arm. Total CO, includes CO, 
liberated by the TCA. Controls in which phosphogluconate was omitted showed 
no CO, evolution before or after TCA addition. 


1 | @ | | MB] | | 
| | Final a 23.1 | 12.1 12.6 

| | —12.4 | -11.5 | +12.1  +11.9 
Initial 14.3 34.6 | 0.7 

| | -97 47.0) 47.1 
Initial 4.3 35.6 0.5 
| Final 19.1 15.3 14.9 

| | 4 -165 +153 +144 

4 a 2a Initial 4.7 35.2 0.5 
| | Final Bei 6.2 

| 4 -5.9 -7.6 | +5.7 | +5.7 


* MgCl, was omitted. TCA in the second side arm was replaced by 0.20 ce. of 
0.1 x H.SO,; final pH 4.20. 


presence of lactic dehydrogenase. Both systems were found to give com- 
parable results. Lactic dehydrogenase and pyruvate were employed in 
most experiments because of the greater availability of pyruvate. The 
enzyme has been shown by Mehler et al. (22) to react with TPNHh, al- 
though less well than with DPNH:. 

Reaction Products and Stoichiometry—The equations for the TPN- 
coupled oxidation of 6-phosphogluconate by pyruvate in the presence of 
the dehydrogenases are as follows: 


(2) 6-Phosphogluconate + TPN — pentose phosphate + CO, + TPNH: 
(3) Pyruvate + TPNH, — lactate + TPN 
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In agreement with these equations the disappearance of 6-phospho- 
gluconate and pyruvate coincided with the appearance of equivalent | Pt 
amounts of pentose and CO:, as is shown in Table VI. In a separate | Witl 
experiment, the reduction of 33.0 um of pyruvate was accompanied by the | to C 
formation of 33.9 um of lactate, determined by the procedure of Barker | T! 
and Summerson (23). The oxidative decarboxylation of phosphogluconate | Mi 
to pentose phosphate would presumably be a two-step reaction in which 
the primary product would be a ketophosphogluconic acid which would 
then undergo decarboxylation to pentose phosphate and CO,.. Attempts 
to accumulate such an oxidized intermediate have thus far been unsuccess- 
ful. CO, production and pentose formation always coincided with phos- 
phogluconate disappearance. In Experiment 4 of Table VI the reaction 
was stopped when only part of the phosphogluconate was consumed; yet 
all of this phosphogluconate was accounted for as pentose and CO;. The 
course of the reaction is essentially unchanged by the omission of Mg**. 
To test the possibility that the enzymatic reaction gave rise to an unstable 
intermediate which decomposed to pentose phosphate and CO, when the 
reaction mixture was acidified with trichloroacetic acid (TCA), in Experi- 
ment 2 the reaction was stopped by addition of sufficient H,SO, to bring 
the pH to 4.2. The amount of CO, evolution under these conditions was 
the same as was observed with TCA. 


DISCUSSION 


The most serious limitation to progress in the study of 6-phosphoglu- 
conate metabolism has been the mixture of products which were formed 
with the crude enzyme preparations available. Although the preparation 
described here is still impure, it has the advantage that 6-phosphogluconate 
is converted essentially quantitatively to pentose phosphate and no fur- 
ther oxidation occurs. The enzyme preparation contains, in addition to 
phosphogluconic dehydrogenase, at least one other enzyme involved in the 
degradation of 6-phosphogluconate. This is a pentose phosphate isomerase 
which catalyzes the interconversion of ribulose-5-phosphate and ribose-5- 
phosphate. 

The stimulation of phosphogluconic dehydrogenase by Mg** is perhaps 
related to a Mg** requirement for the decarboxylation step. However, a 
similar requirement for Mg** observed with Zwischenferment (16) cannot 
be interpreted in this manner. The oxidative decarboxylation of 6-phos- 
phogluconate resembles the conversion of malate to pyruvate reported by 
Ochoa et al. (24) and is possibly due to the action of a single enzyme. 
Efforts to separate the oxidation step from the decarboxylation step have 
thus far been without success. 
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Phosphogluconic dehydrogenase has been purified from yeast extracts. 


With the purified enzyme, 6-phosphogluconate is converted quantitatively 
to CO, and pentose phosphate, which is not further oxidized. 


The enzyme has a high affinity for 6-phosphogluconate and TPN, with 


Michaelis constants of 5 X 10-' m and 1 X 10~° M, respectively. 


A method is described for the use of the enzyme in the spectrophoto- 


metric determination of 6-phosphogluconate and of TPN. 
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The origin and importance of pentoses in biological systems have re- 
cently been reviewed by Hirst (1) and by Hough and Jones (2). Pentose 
| phosphate formation has been demonstrated in the oxidation of 6-phos- 
phogluconic acid by yeast and liver preparations (3-6), and in the con- 
densation of triose phosphate with glycolaldehyde catalyzed by crystalline 
aldolase (7) or bacterial preparations (8). 

The suggestion of Dickens (9) that ribose-5-phosphate results from the 
oxidation of 6-phosphogluconate was supported by the work of Cohen 
and Scott (4). Chromatographie evidence for ribose-5-phosphate among 
the products of 6-phosphogluconate oxidation was obtained, but the re- 
sults were complicated by large amounts of preformed pentose phosphate 
in the reaction mixture and a low yield of ribose-5-phosphate. Phos- 
phoglyceraldehyde, phosphate esters of 2-keto-6-phosphogluconate, of 
arabinose, and of an unidentified pentose were also reported on the basis 
of paper chromatography. Hydrolysis of the phosphate esters yielded 
ribose and arabinose which were detected with adapted Escherichia coli. 

In the preceding paper a purified enzyme preparation from yeast was 
described (5) and shown to catalyze the quantitative conversion of 6- 
phosphogluconate to CO, and pentose phosphate. The product has now 
been identified as a mixture of ribulose-5-phosphate and _ ribose-5-phos- 
phate, the proportion of each being dependent upon the time of incubation 
with enzyme. Ribulose-5-phosphate appears first and is converted to ri- 
bose-5-phosphate by an enzyme which may be called pentose phosphate 
isomerase which is present in the enzyme preparation. Arabinose-5-phos- 
phate does not appear to be involved in the direct pathway of formation 
of ribose-5-phosphate from 6-phosphogluconate with the purified yeast en- 
zyme. 

Methods 


Materials—Barium-6-phosphogluconate was prepared by oxidation of 
synthetic barium glucose-6-phosphate (10). Triphosphopyridine nucleo- 
* A preliminary account of this work was presented at the 118th meeting of the 
American Chemical Society, Chicago, September, 1950. 
383 


384 PHOSPHOGLUCONIC ACID METABOLISM 


tide (TPN), phosphogluconic dehydrogenase, and lactic dehydrogenase 
were prepared as described in the preceding paper (5). Acid phosphatase 
from potato was purified by the method of Kornberg.' Under the test 
conditions, ribose-5-phosphate was hydrolyzed by the purified preparation 
at the rate of 423 um (micromoles) per hour per mg. of protein. The ac- 
tivity with ribulose-5-phosphate was similar to that with ribose-5-phos 
phate. 

Dowex-1 anion exchange resin (The Dow Chemical Company, 200 to 
400 mesh) was washed with 2 m HCl until free of significant absorption at 
260 my and converted to the formate form by treatment with 2 m sodium 
formate until chloride was completely displaced. Excess formate was re- 
moved by washing with water. The chromatographic procedure was es- 
sentially that described by Cohn (11) for the separation of nucleotides. 

For the deionizing columns, Amberlite IR-120 (H* form) was pre- 
pared by washing successively with 2 m HCl, 2 m NazCO;, 2 m HCl, and 
water. The final washing was continued until the salt content was less 
than 2 parts per million (determined with the Barnstead purity meter). 
Duolite A-4 (free base) was similarly prepared, except that the order of 
washing was 2 M Na,CQ3;, 2 m HCI, 2 m NazCOs, and water. 

p-Ribulose was prepared from p-arabinose by the method of Glatthaar 
and Reichstein (12) and t-ribulose by the oxidation of adonitol by Ace- 
tobacter suboxydans (13). The dried syrup obtained after decomposition 
of the L-ribulose o-nitrophenylhydrazone showed a rotation in water of 
[a]? = +16.6° (C = 1.05 gm. per 100 cc.), which is to be compared to a 
value of +15.8° reported by Reichstein (13). p-Arabinose was gener- 
ously furnished by Dr. Hewitt G. Fletcher of this Institute. Commercial 
p-ribose was recrystallized from absolute ethanol. 

Benzylphenylhydrazine hydrochloride was a commercial product. o- 
Nitrophenylhydrazine was synthesized by a modification of the method 
for phenylhydrazine (14). 

Arabinose-5-phosphate was obtained as the brucine salt from the P. A. 
Levene collection through the courtesy of Dr. L. C. Craig of The Rocke- 
feller Institute for Medical Research. This was converted to the 
potassium salt by decomposition with potassium oxalate. Barium ribose- 
5-phosphate was prepared from commercial adenosine-5-phosphoric acid 
by hydrolysis with acid (15). The product contained 8.59 per cent P 
(theory = 8.52 per cent), 42.6 per cent pentose (theory = 41.2 per cent), 
and 0.5 per cent adenine. The specific rotation as ribose phosphoric acid 
was [a]? = +22.8°(C = 5.0 in 0.2 HCl), which is a higher value than 
has previously been reported. Levene and Stiller (16) obtained [a] = 
+16.54° (C = 3.35 in 0.2 m HCl) for the synthetic product and [a] = 


' Personal communication. 
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+ 16.09° (C = 3.02 in 0.2 wm HCl) for the natural product; Schlenk (17) 
found {a};* = +17.2° (C = 1.05 in 0.02 n H.SO,) for ribose-5-phosphoric 
acid derived from diphosphopyridine nucleotide, and Michelson and Todd 
(18) found fa]i* = +16.5° (C = 3.1 in 0.2 m HCl). Ribose-5-phosphoric 
acid, purified by ion exchange chromatography from a sample of the crys- 
talline synthetic barium salt (kindly made available by Professor A. R. 
Todd), gave a rotation of +21.5°, although before chromatography the 
value was +16.9°. From these results and other chromatographic studies, 
the specific rotation of p-ribose-5-phosphorie acid in 0.2 Nn HCl was taken 
to be +23° + 2°. 

Determinations—6-Phosphogluconate, pyruvate, and TPN were deter- 
mined spectrophotometrically as previously described (5). Pentose was 
measured by the method of Mejbaum (19) with a 40 minute heating period. 
Phosphate was determined by the method of Fiske and Subbarow (20). 

Potato phosphatase activity was determined at 34° in a test system 
containing 2.5 10-* m ribose-5-phosphate and 1 X 10-* m MgCl in 
0.16 mM acetate buffer, pH 5.0, in a total volume of 0.5 ce. After 20 
minutes the reaction was stopped by the addition of 0.05 ce. of 50 per cent 
trichloroacetic acid (TCA) and an aliquot analyzed for inorganic phos- 
phate. 

Results 


Formation of Pentose Phosphate 


The TPN-coupled oxidation of 6-phosphogluconate by pyruvate was 
carried out essentially as previously described (5). A typical reaction 
mixture contained 955 um of potassium-6-phosphogluconate, 1380 yum of 
sodium pyruvate, 15 um of TPN (86 per cent pure), 100 mg. of phospho- 
gluconic dehydrogenase (10.4 units per mg.), and 29 mg. of lactie dehydro- 
genase in 0.01 m bicarbonate buffer in a total volume of 30 cc. Phospho- 
gluconic dehydrogenase was the ammonium sulfate fraction, dissolved in 
0.1m NaHCO. This solution, pH 7.4, was the source of the bicarbonate 
buffer. The incubation was carried out in air at 25° without shaking. 
In some experiments 0.04 m glycylglycine buffer, pH 7.4, and 0.01 m MgCh, 
or 0.05 m phosphate buffer, pH 7.4, were present instead of the bicarbon- 
ate buffer. The course of the reaction was not altered by these substi- 
tutions. The over-all reaction can be formulated as follows: 


N 
6-Phosphogluconate + pyruvate = —+ pentose phosphate + CO, + lactate 


Under the conditions of these large scale runs, 70 to 95 per cent of the 
substrate added was accounted for as pentose phosphate; preformed pen- 
tose, present largely as TPN, was less than 5 per cent of the pentose pro- 
duced. 
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Paper Chromatography—Preliminary examination of the reaction prod- 
ucts by paper chromatography disclosed, the presence of two components. 
The chromatograms were developed with 0.08 m acetate buffer, pH 3.5, 
in 4 volumes of ethanol (4) and visualized with 5 per cent ammoniacal 
silver nitrate. Most of the pentose was in the spot corresponding to ribose- 
5-phosphate (Rr = 0.54); about 20 per cent of the total, as determined 
by pentose analysis of eluates from a parallel strip, was in a second spot 
(Ry = 0.26) which was distinct from arabinose-5-phosphate (R» = 0.47). 


TaBLe I 
Paper Chromatography of Free Pentoses 


A reaction mixture was deproteinized by boiling at pH 5.0 for 2 minutes and 
centrifuged. The supernatant, containing 640 um of pentose in 74 ec., was incubated 
for 2 hours at 34° with 0.40 ec. of human seminal plasma. This treatment resulted 
in the hydrolysis of 81 per cent of the total organic phosphate. The hydrolysis 
mixture was deionized by passage through a 25 em. X 5.0 sq. em. column containing 
Amberlite [R-120 (H* form), then through a similar column containing Duolite A-4. 
The deionized solution and column washings were concentrated at reduced pressure 
to a syrup which was dissolved in 5 ce. of water. 395 um of free pentose were re- 
covered. 0.03 cc. of solution was applied to the paper. The ribose and arabinose 
standards were of similar concentration. The pentose spots were visualized by 
spraying the paper with aniline hydrogen phthalate in butanol according to 
Partridge (21). 


Solvent Ribose Reaction product Arabinose 
Ry Ry Rp 
9 parts ethanol + 1 part citrate-boric 
ces > 0.58 0.58, 0.37 0.45 
9 parts 2-propanol + | part water. 0.68 0.67, 0.78 | 0.46 
9.5 parts ethanol + 0.5 0.77 | 0.78, 0.92 0.60 
0.46 


9 parts phenol + 1 part water... | 0.53 | 0.54 


— 


* 0.01 citrate buffer, pH 3.5, containing 0.01 m borie acid. 
After enzymatic hydrolysis of the phosphate esters the free pentoses were 
subjected to paper chromatography with a number of solvents (Table 1). 
The results were similar to those obtained with the pentose phosphates. 
With each solvent a spot corresponding to ribose was observed, and in 
most cases a second smaller spot appeared which was not due to arabinose. 

Separation of Pentose Phosphates by Ion Exchange Chromatography—The 
presence of two pentose phosphate components was confirmed by means 
of ion exchange chromatography (Fig. 1). One component was dextro- 
rotatory and the other levorotatory, the proportion of each being depend- 
ent upon the time of incubation with the enzyme preparation. The peak 
of the dextrorotatory component was generally in the same position as the 
peak obtained when ribose-5-phosphate itself was chromatographed. The 
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specific rotation of early fractions from the chromatogram of the reaction 
products was + 19° to +20° (Table II), approaching the value for ribose- 
5-phosphate. 

Pentose Phosphate Isomerase—The purified yeast preparation contained 
an enzyme which catalyzed the interconversion of the two reaction prod- 


1.2 


120 MINUTE q 
INCUBATION 


ES & 


PENTOSE PER ML. 


: 


+14 -26° 

1.25 1.50 1.75 
LITERS THROUGH COLUMN 

Fig. 1. Separation of pentose phosphates by ion exchange chromatography 
The reaction products were prepared as described in the text except that all quan- 
tities were reduced to one-third. At the conclusion of the reaction period the reac- 
tion mixture containing about 250 um of pentose phosphate was adsorbed directly on 
a 15 cm. X 5.0 sq. em. column of Dowex-1 (formate form) and the column washed 
with water. Proteins were not adsorbed and were washed through the column. 
The eluting solution was 0.1 m formic acid containing 0.03 m sodium formate, pH 
3.1. Elution was at the rate of 2.5 cc. per minute. The pooled fractions indicated 
by the arrows were combined and brought to pH 6.2 to 6.5 with saturated Ba(OH). 
solution and the barium salts precipitated with 4 volumes of ethanol. The pre- 
cipitates were collected on the centrifuge, washed with 80 per cent ethanol, and 
dried in vacuo over CaCl, and KOH. Rotation measurements were made on the 
barium salts dissolved in 0.2 n HCl. Aliquots were analyzed for pentose and the 
specific rotation of the pentose phosphoric acids calculated from the pentose content. 


ucts. When the mixture was chromatographed soon after all the 
6-phosphogluconate was consumed (5 to 10 minutes), the bulk of the prod- 
uct was present as the levorotatory component; on further incubation this 
was converted to a mixture containing mainly ribose-5-phosphate (Fig. 1). 
Prolonged incubation failed to remove all of the levorotatory component. 
With the assumption that the specific rotation was —40° for this com- 
ponent and +23° for ribose-5-phosphate, it was possible from the data 
in Table II to estimate the composition of the reaction mixture. Whereas 
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after 20 minutes only one-third of the total pentose phosphate was ribose- 
5-phosphate, in 1 to 2 hours this had increased to about 75 per cent and 
thereafter remained constant (Fig. 2). There was no change in the total 
pentose concentration during this period of incubation. 


TaBLe II 
Optical Rotation of Pentose Phosphate Fractions from Dowez-1 Formate 
Chromatograms 
Experimental procedure and rotation measurements as described for Fig. 1. 


Time of incubation | Fractions pooled | Volume Pentose content meer 
min. uM degrees 
20° 2 415.6 
63-67 | 120 4.3 
68-72 120 75 —33.4 
73-75 72 50 ~29.0 
76-80 120 40 —40.0 
60t 26-30 | 50 31 | +17.9 
31-34 41 14 
120° 45-52 190 36 | +19.3 
53-55 72 60 +16.7 
| 56-58 72 67 
59-62 100 49 -~6.9 
63-68 141 | 26 | 
180° | 46-52 176 | 40 ++19.5 
| 53-55 75 | 54 $12.1 
| 56-58 | 75 65 +10.0 
| 63-67 | 22 26 18.1 
120t | 60-64 | 120 38 +17.3 
65-67 | 72 50 +20.9 
68-72 | 120 | 44 | +9.2 
73-82 240 | 31 | 16.3 


* Column = 5.0 sq. cm. X 15cm. Total pentose phosphate = 220 to 270 um. 

t Column = 0.8 sq. cm. X 15cm. Total pentose phosphate = 48 ym. 

t Ribose-5-phosphate (226 um) incubated with enzyme. This was chromato- 
graphed in the same manner as the 6-phosphogluconate reaction mixtures. 


Ribose-5-phosphate was incubated for 2 hours with the enzyme prep- 
aration in a single experiment. Ion exchange chromatography of this re- 
action mixture (Table II) showed it to contain the levorotatory component 
amounting to 20 per cent of the total pentose phosphate. These experi- 
ments suggested that the levorotatory component was a precursor of 
ribose-5-phosphate and was converted to it by pentose phosphate isom- 
erase in the purified yeast preparation. The equilibrium mixture could be 
approached from either direction. 
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Properties of Chromatographed Pentose Phosphate Fractions—The levo- 
rotatory component isolated in ion exchange chromatography was resist- 
ant to bromine oxidation under conditions which resulted in the rapid and 


| = 


50 100 150 200 
INCUBATION TIME IN MINUTES 

Fic. 2. Effect of time of incubation on the composition of the reaction mixture. 
The proportion of ribose-5-phosphate was calculated from the rotation values con- 
tained in Table II. © represents the oxidation of 6-phosphogluconate. @ repre- 
sents the experiment in which ribose-5-phosphate was incubated with the enzyme 
preparation. The broken line represents the manner in which the mixture might 
have been formed from ribose-5-phosphate. 


L 


RIBOSE-5-PHOSPHATE, + 22.4° 


- 


-29.0° 


HOURS AT 25° 
Fic. 3. Oxidation of pentose phosphates by bromine. The two lower curves 
were obtained with dextro- and levorotatory fractions from the ion exchange chro- 
matogram. Excess bromine was added at room temperature in the presence of 
solid barium carbonate. Pentose disappearance was determined with the orcinol 
reaction. 


complete oxidation of ribose-5-phosphate (Fig. 3). Ribose-5-phosphate 
fractions from the chromatographed product were oxidized just as was 
authentic ribose-5-phosphate, except for a small amount of resistant pen- 
tose. Since aldoses are readily oxidized by bromine, while ketoses are re- 
sistant to its action, these results suggested that the levorotatory com- 
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ponent was a ketopentose phosphate. The rate of hydrolysis of this 
component with acid was similar to that of fructose-6-phosphate (22), 


80 CHROMATOGRAPHED PRODUCT 

- 29° 
“Or (092° +19° 

z 

8 | 
(a)? 

50 100 150 200 250 


MINUTES AT 100° 

Fig. 4. Acid hydrolysis of pentose phosphates. The two upper curves represent 
fractions from the ion exchange chromatogram. The hydrolysis was carried out 
in 1 N H,SO,. 

Ill 
Ribulose o-N itrophenylhydrazones 

2000 um of 6-phosphogluconate were incubated as described in the text. After 
10 minutes the reaction was stopped by heating for 2 minutes at 100°. Precipitated 
proteins were removed by centrifugation and the supernatant was treated with SO 
ec. of 0.2 M acetate buffer, pH 5.0, containing 0.01 wm MgCl,. This solution, pH 6.0, 
was incubated with 28 mg. of purified potato phosphatase for 2 hours at 34°; 99 per 
cent of the organic phosphate was hydrolyzed. After deionization as deseribed in 
Table 1, 1326 ym of free pentose were recovered. The ribose present was oxidized 
with 0.3 cc. of Br, in the presence of 5 gm. of BaCO,. After 3) minutes at room 
temperature excess Br, was removed by aeration with He, the solution filtered, and 
the filtrate deionized as before to remove salts and riboniec acid. The deionized 
solution was evaporated at reduced pressure and the syrup formed dissolved in 10 
cc. of absolute ethanol. 792 um of ketopentose were recovered. The o-nitropheny!- 
hydrazone was prepared and reerystallized as described by Glatthaar and Reichstein 
(12). For the determination of ribulose by the orcinol reaction, the extinction 
coefficient in Fig. 6 was used. 


Compoun! | M.p. Soecific rotation, 
degrees 
o-Nitrophenylhydrazone of reaction ! 
product 164.5-165.5 —~ + 5 
p-Ribulose o-nitrophenylhydrazone 165.0-166.5 ~§2 + 5 
Mixed 165.0-166.5 


while the dextrorotatory component was relatively stable to acid hydrolysis 
(Fig. 4). In the resorcinol test for ketoses (23), the levorotatory product 
gave a positive reaction, although the color was less intense and less stable 
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than with fructose. On the basis of its interconvertibility with p-ribose- 
3-phosphate, the most reasonable structure for the ketopentose ester would 
he the 2-ketopentose, p-ribulose-5-phosphate. 


Tasie IV 

Ribose Benzylphenylhydrazones 

OS6 uxt of 6-phosphogluconate were incubated with the enzyme for 2 hours as 
described in the text. The reaction product was hydrolyzed with potato phos- 
phatase and deionized as deseribed in Table IIL. The deionized solution was evapo- 
rated to a svrup and dissolved in 3.0 ce. of ethanol. 674 um of pentose were recov- 
ered. The benzvlphenylhydrazone was prepared and reerystallized to constant 
melting point aceording to Levene and Jacobs (24). 


Mop. Specific rotation, lal 


degrees 


Benzylphenyihydrazone of reaction 


product 125.0-126.0 +2 
p-Ribose benzylphenylhydrazone.. 125.5-126.5 —39 + 2 


Mixed 124.5-125.5 


Fra. 5. X-ray diffraction patterns of the hyvdrazone derivatives. 1 and B repre- 
sent the patterns obtained with o-nitrophenylhyvdrazones of enzymatically prepared 
and authentic ribulose, respectively. C and D represent similar patterns with 
the benzviphenvihwdrazones of ribose, prepared from the enzymatic product (() 
amd authentic ribose (12). 
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Identification of v-Ribulose—For the isolation of ribulose the reaction was 
allowed to continue for only 10 minutes and the product isolated and 
characterized as the o-nitrophenvihydrazone, as is shown in Table TEL. 


° 
Vv 
- 
+ 
500 600 700 800 
WAVE LENGTH 


Fic. 6. Absorption spectra of pentose derivatives in the orcinel reaction. The 
solid line represents the spectrum obtained with synthetic L-ribulose; the circles 
were obtained with ribulose prepared from the enzymatic hydrolysis of ribulose- 
5-phosphate. The curve for ribulose-5-phosphate was obtained with a rechromato- 
graphed sample with fa/—> = —40°; that for svnthetic L-ribulose was obtained with 
the purified ribulose syrup described in the text, with = +166". 


Tame V 
cis-H ydroryl Groups Determined by Binding of Borate 
1.0 ce. of solution containing about 20 gu of pentose derivative previously ad- 
justed to pIL 7S was mixed with 1.0 ce. of 0.16 «borate buffer, pIL7S. O.Olw NaOH 
was added until the pil was again 7.8 and the number of moles of NaOH required 
per mole of pentose calculated. 


Substance per pentose 
Reaction product 
Ribose-5-phosphorie acid 
Ribose-3-phosphorie 
Rilrose 0 
Arabinose 
Adenosine-5-phosphoric acid 0.22 
“VYoust adenvlie acid” om 


Identification of v-Ribose The product of a 2 hour reaction mixture 
Wis Isolated and as p-ribose benzviphenvihvdrazone (Table 
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IV). No effort was made to remove the residual ribulose, since it had 
been established that this sugar did not form a benzylphenylhydrazone 
under these conditions. The x-ray diffraction patterns of ribose benzyl- 
phenylhydrazone and ribulose o-nitrophenylhydrazone were identical with 
those of the authentic derivatives (Fig. 5). 

Absorption Spectra in Orcinol Test—The spectrum of the compound given 
by ribulose-5-phosphate in the orcinol reaction was similar to that of aldo- 
pentoses (Fig. 6) except for a small band at 540 mu. After enzymatic hy- 
drolysis, however, the band at 540 my became more intense and the 
absorption at this wave-length approached that at 670 my. The spectrum 
after hydrolysis was identical with that given by authentic ribulose. The 
extinction coefficient of the ribulose product at 670 my was 50 per cent of 
that given by aldopentoses. In the case of ribulose-5-phosphate, the true 


0 10 20 50 


Fic. 7. Rate of development of color in the orcinol reaction. O represents ri- 
boxe.5 phosphate; @, pentose phosphate; 0, ribose; @ ribose 3-phosphate. 


value for the extinction coefficient is not known; the curve is plotted on 
the assumption that the band at 540 my represents a partial hydrolysis to 
free ribulose. 

These differences in spectra of ribulose and aldopentoses afford a con- 
venient method for the analysis of mixtures of these substances. 

Position of Phosphate Group—Some evidence for the esterification of n- 
bose in the 5 position has already been presented. The optical rotation 
approaches that of ribose-5-phosphoric acid. The rate of hydrolysis with 
acid indicates esterification in the 5 position, since other ribose esters 
(ribose-3-phosphate and ribose-Il-phosphate) are much less stable to acid. 
The identification of ribose-5-phosphate has been confirmed by a number 
of other properties of the reaction product. The binding of borate (25) 
Was consistent with the presence of a pair of cis-hydroxyl groups such as 
would be found in ribose-5-phosphate (or ribulose-5-phosphate) but not 
in arabinose derivatives or in ribose-3-phosphate (Table V). The rate of 
color formation in the orcinol reaction (26) was also identical with that of 


| 
RIBOSE-5-PHOSPHATE 
40; PENTOSE - PHOSPHATE 
RIBOSE 
RIBOSE-3-PHOSPHATE | 
MINUTES 
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ribose-5-phosphate (Fig. 7), while with ribose and ribose-3-phosphate the 
typical pentose color developed much more slowly. 


DISCUSSION 


It has been established that in the oxidation of 6-phosphogluconate by 
a purified yeast preparation phosphate esters of p-ribulose and p-ribose 
are the major products. The evidence described for esterification of ri- 
bose in the 5 position can be extended to the ribulose precursor, since this 
ester is interconvertible with ribose-5-phosphate. There was no indica- 
tion of the formation of an ester of arabinose with the purified enzyme 
preparation. 

The réle of ketopentoses in carbohydrate metabolism has received little 
attention. .L-Xylulose has been identified in human pentosuria (27) and 
evidence has been obtained that in certain bacteria L-xylose (28) and 
L-arabinose (29) are metabolized by way of ketopentoses. 

The occurrence of ribulose-5-phosphate as a precursor of ribose-5-phos- 
phate suggests a mechanism for the apparent Walden inversion which is in- 
volved in the formation of the latter from 6-phosphogluconate. Oxidation 
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of 6-phosphogluconic acid at the 3 position would give rise to 3-keto-6- 
phosphogluconie acid which on decarboxylation would yield ribulose-5- 
phosphoric acid according to the accompanying scheme. No direct evi- 
dence is yet available for the formation of the 3-keto acid intermediate. 

In the interconversion of ribulose-5-phosphate and ribose-5-phosphate, 
a pentose phosphate isomerase is involved, since the reaction stops when 
the pentose phosphates are separated from the enzymes by adsorption 
on the ion exchange resin or when the reaction mixture is heated. The 
preliminary observations reported here suggest that the equilibrium mix- 
ture contains proportions of aldose and ketose which are similar to those 
obtained with the isomeric hexosephosphates (30). 


The authors are greatly indebted to Dr. Hewitt G. Fletcher and Dr. 
Nelson K. Richtmyer for their kind interest and many valuable suggestions, 
and to Miss Laura Stewart for assistance in the oxidation of adonitol. For 
the x-ray diffraction patterns, we are indebted to Mr. William White. 


SUMMARY 

The products of oxidation of 6-phosphogluconate with a purified yeast 
enzyme have been examined. 

Two pentose phosphates are formed in varying proportions, depending 
on the time of incubation with enzyme. These have been identified on the 
basis of chromatographic and chemical properties and the formation of hy- 
drazone derivatives as ribose-5-phosphate and the corresponding ketose, 
ribulose-5-phosphate. 

Evidence is presented that ribulose-5-phosphate is a precursor of ribose- 
5-phosphate in this system and that an equilibrium mixture of the two is 
formed, with the interconversion catalyzed by a pentose phosphate isomer- 
ase. The equilibrium mixture contains 70 to 80 per cent of ribose-5-phos- 


Arabinose-5-phosphate does not appear to be an intermediate in the con- 
version of 6-phosphogluconate to ribose-5-phosphate with the purified yeast 
enzyme. It is postulated that the apparent Walden inversion at the 3 
position in 6-phosphogluconate is due to oxidation of 6-phosphogluconate 
in this position, followed by decarboxylation of the 8-keto acid to yield 
ribulose-5-phosphate. 
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The absorption spectra of proteins have been made the subject of con- 
siderable study. For the greatest number of proteins there has been dem- 
onstrated a broad band with a peak at about 280 my and a minimum, 
on the short wave-length side, at about 250 my (1). From quantitative 
studies of simple proteins, this band could be correlated with the presence 
of tyrosine, tryptophan, and phenylalanine (2). A number of proteins 
exhibited absorption bands at wave-lengths above 280 my that could be 
interpreted in terms of a non-proteinaceous chromophore. Similarly, nu- 
cleoproteins show a maximum in the region of 260 my, which is associated 
with the presence of purine and pyrimidine nuclei (3). 

Most of the curves reported for proteins end at about 235 my on the 
short wave-length side of the main 280 my peak, and, in this region, the 
absorption curves rise rapidly. Such a steep rise has led several investi- 
gators to assume that at shorter wave-lengths there is a region of con- 
tinuous or end-absorption (4, 5). The specific structure of a protein that 
distinguishes it from other compounds is the presence of a large number 
of peptide bonds. Ley and Arends (6) and Rusoff et al. (7) studied the 
ultraviolet, absorption spectra of fatty acids, esters, anhydrides, and acid 
chlorides, and demonstrated that broad bands do exist in the region of 
200 mp. It seemed, therefore, that studies in the region below 240 my 
would be of interest. 


EXPERIMENTAL 

Materials—Crystalline egg albumin was prepared by crystallization five 
times of a commercial grade of egg albumin with Na,SO,. The material 
was clectrophoretically 

Gelatin was a commercial U. 8. P. grade. 

Bovine Fractions II and V were kindly supplied by Armour and Com- 
pany. 

Human Fractions II and V were supplied through the courtesy of Dr. 
E. J. Cohn. 

Insulin was a crystalline grade of zine insulin, Lilly. 

Methods—The protein weights were corrected for moisture content, which 
was determined by drying the sample to constant weight in an Abder- 
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halden pistol in vacuo over P,O; at 100°. The proteins were dissolved 
in 0.005 m Na-HPO,. At least ten protein concentrations were examined 
between 3 and 40 mg. per liter. The pH of all solutions, except insulin, 
was close to 8.0. Insulin was studied at pH 3.5. Between pH 2.5 and 
9.0 the absorption coefficients (€) of the proteins did not vary. 

Spectrophotometric Methods'—The Beckman DU spectrophotometer was 
used. The wave-length scale, after being set for the 546 my Hg line, 
checked with the 365, 334, 302, and 253 my Hg lines within 1 mg. For 
the region under study the intensity of radiation from the hydrogen lamp 
falls off markedly. It was necessary to test several lamps before one 
could be chosen that had adequate intensity at 200 my so that a zero 
balance could be obtained with the cell and solvent in the light path. 
It was also found advisable to change the load resistor supplied by the 
manufacturer.2. These changes made it possible to obtain a zero balance 
at 200 my on our instrument. 

The transmittances of the solvent (7) and of the solution (7,) were 
read against air in the same 1 cm. quartz cell. These transmittances, 
therefore, represent the fraction of incident radiation that is transmitted 
by the cell and solution. Early in this investigation anomalous results 
were obtained (10) which, on investigation, were found to be due to stray 
radiation of considerable intensity. The instrument was adjusted so as 
to remove as much of the stray radiation as was possible. The amount 
still present (a = the stray radiation as a fraction of the total radiation) 
was determined (10) as follows: 200 my 0.015 a, 205 my 0.009 a, 210 my 
0.005 a, 220 my 0.003 a. All transmittance values were corrected for 
stray radiation by applying the equation JT’ = T — a/l — a, where 7” 
is the corrected transmittance and 7’ the observed. The absorption co- 
efficient was calculated from the corrected transmittances by the formula 
e = log (T’./T’.)/C. When C is given in gm. per liter and the optical 
path in each instance was 1 cm., the absorption coefficients are given as 
e, 0.1 per cent. Similarly when C is given in moles per liter, the molar 
absorption coefficient is given as €,. 


RESULTS AND DISCUSSION 


Absorption curves for bovine Fraction V, glycylglycine, and triglycine 
are given in Fig. 1. The curve for bovine albumin is typical of all the pro- 
teins studied. No maximum or point of inflection appeared on the pro- 
tein curve, which only showed a steeply rising portion with decreasing 
wave-length. However, it was felt, after a study of the work on fatty 
acids and derivatives (6, 7), that this rising portion did not necessarily 


‘The terminology used throughout this report is that reported by Brode (8). 
2 Friedel et al. (9) recommend the use of a 20,000 megohm resistor. 
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indicate end-absorption or the beginning of continuous absorption, but 
rather was the rising portion of a band related to the peptide structure. 
It was anticipated that, if data were available for the region below 200 my, 
an absorption maximum would be encountered. In discussions with Dr. 
J. R. Platt® it was found that his preliminary data on bovine Fraction V 
indicated a broad band with a maximum near 190 my. The exact de- 
tails of the curve could not be made available to us. This made it desira- 


01% 
DIGLYCYLGLYCINE 


\ 


WAVE LENGTH MU 
Fig. 1. Absorption spectra of bovine albumin, glycylglycine, and diglyeylglycine 


ble to obtain the complete curves for the simple peptides, di- and trigly- 
cine? These curves both show maxima at about 186 my and have similar 
shapes. 

The absorption coefficients for proteins have been obtained for 205 and 
210 mu. The objection might be raised that data obtained from the 
shoulders of an absorption curve, rather than the peak, have no valid 


* We are indebted to Dr. J. R. Platt of the Department of Physics of the Univer- 
sity of Chicago for making available to us his data on bovine Fraction V, for run- 
ning the di- and tryglycine curves, and for his helpful discussions. All these data 
were obtained with a vacuum ultraviolet spectrograph. 
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interpretation. The practice of obtaining information from an absorption 
maximum is based on the consideration that this specific wave-length is 
representative of the most probable structure or more probable transi- 
tion typical of the structure. This makes the use of Amx. desirable but 
not necessary, since the shape of the curve is also typical of a structure. 
Therefore, any point on a curve related to a given structure is useful in 
describing that structure so long as little or no interference from other 
chromophores occurs in that region. The wave-lengths used were chosen 
for two reasons: (1) the instrument available has a limit of 200 my, and 
(2) at 205 and 210 mu the absorption coefficients of most amino acids 
(Table III) are low compared to the values obtained for proteins, but 
they rise very steeply and more rapidly than the curves for the proteins. 


TaBLe I 
Protein Absorption Coefficients 
, 0.1 per cent 
Protein 

205 my; slit 1.5 mm. 210 may; slit 1.3 mm. 

da 34.1 + 0.47* 21.5 + 0.27* 
33.2 + 0.57 21.1 + 0.35 
Human Fraction II....... 32.7+0.80 220.8 + 0.30 
| 30.5 + 0.51 20.1 + 0.51 
Bovine .| 34.620.52 21.82 0.45 


* Standard deviation. 


In the region of the maximum for bovine plasma albumin (about 190 my), 
the amino acid absorption coefficients are extremely high and are of the 
order of magnitude of the value of proteins. In this case, then, the neces- 
sary corrections for the amino acid residues would be considerable and 
certainly greater than the relatively small corrections necessary for the 
region above 200 mu. Fortunately, those amino acids that have absorp- 
tion coefficients of the order of magnitude of proteins at 205 my (tyrosine, 
tryptophan, phenylalanine, histidine, cystine, and to a lesser extent cys- 
teine, arginine, and methionine) are, on a molar basis, a comparatively 
small part of the protein molecule. The indicated corrections will be dis- 
cussed below. 

The absorption coefficients (e, 0.1 per cent) are given in Table I and 
show fairly constant values. ‘The numerical values of ¢, 0.1 per cent, are 
very high, and, if one considers that the molecular weights of most pro- 
teins exceed 50,000, it becomes evident that the molar absorption coeffi- 
cients (€,) have extremely high values, which are several orders of mag- 
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nitude greater than other recorded molar absorption coefficients. Such 
values of ¢,, can be accounted for either by a relatively small number of 
chromophores, making a very large contribution, or by a very large num- 
ber of chromophores, making a moderate or small contribution to the 
molar absorption coefficient. The absorption by aromatic or heterocyclic 
rings cannot be decisive for the absorption of proteins in this region, since 
gelatin, which has only small amounts of tyrosine, tryptophan, and phen- 
ylalanine, has an absorption coefficient close to those of other proteins. 
No other groups are present that might absorb sufficiently to account for 
the relatively high absorption coefficient in this region, except the peptide 
bond. The presence of about 500 peptide bonds per molecule of molecular 
weight of 50,000 (11) is suggestive. It is known that the molar absorption 
coefficient of an amide is greater than that of the corresponding acid (6, 
12). Further, the molar absorption coefficient of glycylglycine* is about 
60 times that of glycine. 

Complete amino acid analyses of several of the proteins studied are 
available (11) to enable the calculation of the number of peptide linkages 
per mole of protein. The peptide absorption coefficient can be calculated 
by multiplying ¢, 0.1 per cent, by the molecular weight and dividing by 
the number of peptide bonds per mole. These calculations are summa- 
rized in Table II. The peptide absorption coefficient of the proteins stud- 
ied agrees semiquantitatively with the values for the two simple peptides.*® 

At 205 my the side chains of amino acids make relatively small, but 
definite, contributions to the total absorption of proteins. As a first ap- 
proximation it should be possible to obtain correct values for peptide 
absorption by subtracting the sum of the molar absorption coefficient of 
the individual amino acids (Table III) from the molar absorption coeffi- 
cient of the protein. The difference is divided by the number of peptide 
bonds. These corrected values are found in Table II in parentheses. This 
calculation brings the values of peptide absorption coefficient for a variety 
of proteins and triglycine into much better agreement than the uncor- 
rected values. 

The absorption coefficient for the peptide bond is of an order of magni- 
tude several times greater than that of the carboxylic acid or amide. An 
examination of absorption coefficients (12) shows that ketonimides have 
similarly greater values than the corresponding ketones. It might then 


‘ Absorption spectra of amino acids and peptides in the region 200 to 230 my have 
been reported by Saidel and Goldfarb (13). 

* This observation in itself would tend to invalidate any argument that might 
be raised concerning the contribution of the light-seattering effect of macromoles 
to the absorption in this region. Moreover, a simple calculation would show that 
effects due to particles of the size of these proteins, in the concentration of 10 to 40 
mg. per liter, would be negligible. ) 
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Peptide Absorption Coefficient of Proteins and Peptides 


| | No. of peptide Peptide 

Protein | Mol. wt. nm 
Bovine V...... 70,000  580t | 2.1 x 10* | 3620 (2580) 
Human Fraction II. 156,000 | 1361t 5.1 10* | 3750 (2630) 
“ 70,000 | | 10* | 3650 (2620) 
Egg albumin{.... a | 3800 (2785) 

Gelatint.. | 3050 

Glycylglycine$. . 132 | l «3440 3440 (3330) 
189 2 | 5120 2560 (2480) 
Insulin. 369 «1.69 & 10* (3100) 


* The average eontribution a. i peptide bond to the molar absorption coefficient. 


t See Brand (11). 


t The peptide absorption coefficient was calculated from the average residue 
weights as given by Chibnall (14). The difference between the peptide weight and 
average residue weights is small and dependent on the number of terminal amino 
groups. To a first approximation in these two cases the peptide absorption co- 
efficient was determined by multiplying ¢«, 0.1 per cent, by the average resi- 
due weight of egg albumin (111.4) and gelatin (91.6). The corrected figure for egg 
albumin has been obtained from the best available data collected by Brand (11). 


§ See foot-note 4 in the text. 


Taste IIl 
Molar Absorption Coefficients of Amino Acids 
Amino acid 205 mp 
—|_____— 
Alanine. .| 79 
Arginine HCl... 1,350 
Phenylalanine .... 8,600 


* See Ley and Arends (6). 
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be that the C—N bond in peptides has some double bond character. X- 
ray studies on the structure of acetylglycine and glycylglycine confirm 
this view and tend to show that these compounds have about 40 per cent 
double bond character (15). 

The corrected peptide absorption coefficients for glycylglycine and in- 
sulin are somewhat higher than those of the other proteins. Larger values 
are also found for all dipeptides.‘ These larger values can, perhaps, be 
correlated with two possible effects; t.e., electrostatic and steric. Under 
the conditions of the measurements the peptides exist as zwitter ions. 
The interaction of this dipole exerts a strain on the peptide bond which 
alters the absorption characteristics. The dipole interaction can be re- 
duced or entirely eliminated either by going to an extreme of pH or by 
removing one of the charges. The lower peptide absorption coefficients 
of acetylglycine (1100) and glycylglycine in 0.01 N HCl (1580) may be 
partly due to this electrostatic effect.6 In the case of the tripeptide it is 
assumed that the increase in distance between the charges will reduce the 
distorting effect. The distribution of the strain between two peptide bonds 
instead of in one should also be effective in limiting the distortion of each 
peptide bond. The steric effect of the side chains is shown by comparing 
leucylglycine (3660) with glycylleucine (4260) and glycylglycine (3440).‘ 
Not only does the value per peptide bond depend on the constituent amino 
acids but also on the relative position of these amino acids (16). In the 
study on peptides‘ it was generally found that the larger the bulk of the 
side chain, the greater was the peptide absorption coefficient. 

The conclusions that were drawn from the peptide studies are suggestive 
for consideration of protein structure. Electrostatic effects are probably 
small. Steric considerations must be predominant and the peptide ab- 
sorption coefficient for a protein should, on the average, depend on the 
amino acid composition and should be greater than that for triglycine 
(2560). This serves to give a possible explanation of the elevated peptide 
absorption coefficient for insulin, since insulin contains relatively large 
amounts of amino acid residues (11) having bulky side chains; e.g. tyro- 
sine, phenylalanine, ete. From the similarity of tripeptide and protein 
values it would seem that the spatial distribution of amino acids in pro- 
teins should approach these simple tripeptides or longer peptides. 


SUMMARY 


The absorption spectra of a series of proteins have been studied from 
200 to 230 mu. 
The values of the absorption coefficients for wave-lengths 205 and 210 


* Unpublished results of L. J. Saidel, A. R. Goldfarb, and 8S. Waldman. 
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my are recorded and the figures obtained are correlated with the presence 
of the peptide bond. 


It is estimated that each peptide bond contributes an average of about 


2500 to 2800 to the molar absorption coefficient of proteins at 250 may. 


Variations in the contribution of each peptide bond to the molar ab- 


sorption coefficients of proteins are interpreted in terms of electrostatic 
and stereochemical effects. 
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The objective of the present work was to provide a means for separating 
and identifying phosphate esters involved in glycolysis in higher plants. 
Paper chromatography of phosphate esters has been employed by several 
workers, most notably Benson ef al. (1) and Hanes and Isherwood (2). 
Benson’s procedures were not primarily designed for the identification of 
phosphate esters and gave low Rp values for the phosphate compounds of 
particular interest to us. The unidimensional methods of Hanes and 
Isherwood do not result in adequate resolution of the complex mixtures 
such as are obtained from our plant materials. 

The present procedure is based on two-dimensional chromatography 
with successive development in an acid and in a basic solvent. The sol- 
venta finally selected gave the best over-all resolution of the intermediates 
involved in plant glycolysis. Undoubtedly the resolution of certain pairs 
of compounds may be improved by suitable modifications. We have in 
addition made certain improvements in the procedure for locating the 
chromatographed materials. 


EXPERIMENTAL 


Reagents and Materials— 

Acid solvent. Methanol 80 volumes, formic acid 15 volumes (analysis 
88 per cent by weight), and H.O, 5 volumes. 

Basic solvent. Methanol 60 volumes, ammonium hydroxide 10 volumes 
(sp. gr. 0.9015), and H,O 30 volumes. 

Spray reagent. Hanes-Isherwood reagent (2). 5 ml. of 60 per cent 


* Enzyme Research Division Contribution No. 140. Report of work supported 
in part by the Herman G. Frasch Foundation. 

t Present address, Kerckhoff Laboratories of Biology, California Institute of 
Technology, Pasadena, California. 
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(weight by weight) perchloric acid, 25 ml. of 4 per cent (weight by volume) 
ammonium molybdate, 10 ml. of x HCl, and 60 ml. of H,0. 

Paper. Schleicher and Schuell, No. 589, blue ribbon filter paper 28 
cm. square was found satisfactory for our purpose.' Even analytical filter 
papers contain sufficient inorganic phosphate to give a visible band on de- 
velopment and spraying. The color is very light but there may be suffi- 
cient phosphate accumulated at the intersection of the bands produced in 
the acid and basic solvents to produce a spurious spot. If desired, this 
difficulty may be eliminated by washing the paper with the acid solvent 
before use. 


Development of Chromatogram 


Chromatography of phosphate esters is best accomplished with the free 
acids. Salts of the esters are readily converted to the corresponding acid 
and the metallic ions removed by shaking solutions or suspensions of the 
salts with a cation exchanger such as Dowex-50. A suitable quantity of 
solution containing the decationized compounds to be chromatographed 
is applied to one corner of the filter paper about 5 cm. from the bottom and 
side edge. It has been found desirable to limit the size of the spot to 
approximately 0.5 cm. in diameter. In practice this amounts to appli- 
cations of 2 wl. Since a minimum of 0.1 y of P is generally needed for 
detection, it may be necessary to make multiple applications with dilute 
solutions, in which case the spot is air-dried each time. The paper is then 
formed into a cylinder and stapled together, avoiding contact of the ad- 
jacent edges. A cylindrical jar 15 cm. in diameter and 30 cm. tall, covered 
by a glass square and containing 100 ml. of the solvent, serves as a chro- 
matographic chamber. A soft iron wire is inserted diametrically through 
the upper end of the paper cylinder, which is then suspended over the 
solvent by means of a magnet placed on top of the glass cover. We have 
found it advisable to use the acid solvent first and to conduct equilibra- 
tion and development at 2°. After a 2 hour equilibration, the paper cyl- 
inder is dropped into the solvent by removing the magnet (3). The 
chromatogram is developed until the solvent front reaches the upper edge 
of the paper. Usually 6 to 6.5 hours are required. The chromatogram is 
then thoroughly dried in front of a fan at room temperature. The paper 
cylinder is next reformed so that the second development will be at right 
angles to the first. The equilibration procedure is repeated with the alka- 
line solvent. Development in the alkaline solvent requires 12 to 15 hours. 


' The mention of special instruments or materials throughout this paper does not 
imply that they are endorsed or recommended by the Department of Agriculture 
over others of a similar nature not mentioned. 
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Detection of Compounds 

The paper is air-dried and then examined by appropriate methods. 
Carter (4) has shown that certain nucleotides may be detected on paper 
when viewed with short ultraviolet radiation (2536 A). This suffices to 
locate adenosinetriphosphate (ATP), adenosinediphosphate (ADP), and 
adenosinemonophosphate (AMP). 

The spray reagent used for the visualization of phosphorylated com- 
pounds is that of Hanes and Isherwood (2). The procedure for developing 
the color and hydrolyzing the esters has been modified, since, in our hands, 
their procedure does not serve to locate such difficultly hydrolyzable esters 
as phosphoglyceric acid. After the paper is sprayed at the rate of 1 to 2 
ml. per 100 sq. cm., inorganic phosphate appears as a yellow spot. The 
paper is dried at 85° for 1 minute, at which time glucose-1-phosphate is 
revealed by a yellow to blue color. The paper is then exposed to ultra- 
violet radiation at a distance of about 10 em. from a General Electric 
germicidal lamp (rated at 25 microwatts of 2537 A radiation per sq. em. 
at 1 meter) for 10 minutes. All of the organic phosphate compounds will 
now appear as blue spots, whereas inorganic phosphate produces a yellow- 
green color. An alternate method for developing the color consists of 
heating the paper for 5 minutes at 85° and autoclaving for 2 minutes at 
8 to 10 pounds. The paper is now uniformly blue in color. When the chro- 
matogram is exposed to ammonia vapors, the blue color of the background 
disappears, while the color due to phosphomolybdate blue remains. 


Results 


Table I gives the R » values of some of the phosphate esters of glycolysis 
as well as ortho-, pyro-, and tripolyphosphates in the acid and alkaline 
solvent. Fig. 1 illustrates the two-dimensional chromatographic separa- 
tion of a mixture of inorganic phosphate, ATP, fructose-1 ,6-diphosphate, 
3-phosphoglycerie acid (3-PGA), and 2-phosphoglyceric acid. These com- 
pounds are normally found in the “barium-insoluble fraction,” prepared 
as described by Umbreit, Burris, and Stauffer (5). Fig. 2 shows the be- 
havior of a mixture of some substances occurring in the “barium-soluble 
fraction” (5), namely glucose-1-phosphate, glucose-6-phosphate, fructose- 
6-phosphate, 3-AMP, and phosphoenolpyruvic acid. Inorganic phosphate 
was included as a marker. In our experience, the position of the spots 
relative to each other has proved more useful than R», values. This is 
particularly true when complex impure mixtures are chromatographed (1). 
The R, values, while fairly reproducible with a single batch of paper, are 
not the same for different grades of papers and, further, are affected by 


washing of papers. 
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Taste I 
Ry Values of Phosphate Esters 
Compound 
Adenosinetriphosphate...__.. 
Adenosine-3-phosphate..__. 


Glucose-l-phosphate. _. 
Fructose-6-phosphate 
Tripolyphosphate.. _.. 
Glucose-6-phosphate _. 
Fructose-1 ,6-diphosphate 
Pyrophosphate...__. 
3-Phosphoglycerate. __. 
Phosphoenolpyruvate..._.. 
Orthophosphate..... 


R, ACIO SOLVENT 


02 
Ry ALKALINE SOLVENT Ry ALKALINE SOLVENT 
Fig. | Fie. 2 


Fic. |. Two-dimensional chromatogram of glycolytic intermediates. “Barium- 
insoluble fraction: 1, ATP; 2, orthophosphate; 3, fructose-1,6-diphosphate; 4, 3- 
phosphoglyceric acid; &, 2-phosphoglyceric acid. 

Fic. 2. Two-dimensional chromatogram of glycolytic intermediates. “‘Barium- 
soluble fraction:” 2, orthophosphate; 6, adenosine3-phosphate; 7, phosphoenol- 
pyruvic acid; 8, glucose-l-phosphate; 9, glucose-6-phosphate; 10, fructose-6-phos- 
phate. 


The identification of unknown constituents in mixtures is greatly facili- 
tated when cither the unknown compounds or known authentic samples 
are available with radioactive labels. After chromatographing a mixture 
of the unknown and known compounds, the exact coincidence of position 
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shape of the spots on the chromatogram and the radiogram makes the 
identification of the unknown compounds highly probable. 

The technique described above has found application in the study of 
the phosphorylated compounds formed by the incorporation of radioactive 
phosphate by pea seed meal, pea seed extract (6), and orange flavedo 
extract.? 


DISCUSSION 
Selection of Solvents 


The selection of the solvents was based on the results of numerous tests 
earried out by the method of Rockland and Dunn (7) by employing small 
filter paper sectors developed in test-tubes. It was thus possible to survey 
quickly several hundred solvent combinations for their ability to resolve a 
mixture of glucose-l-phosphate, 3-PGA, and inorganic phosphate. The 
following solvents were tested singly or in certain combinations: water, 
methanol, ethanol, normal, and isopropanol, normal, secondary, tertiary, 
and isobutanol, isopentanol, furfuryl alcohol, glycol monomethyl ether, 
diethyl ether, isopropyl ether, dioxane, acetonitrile, acetone, diethyl] car- 
bonate, ethyl acetate, benzylamine, ethylenediamine, piperidine, pyridine, 


ammonium hydroxide, hydrochloric, formic, and glacial acetic acids. In 
summary these generalizations may be made. In the absence of water no 
movement occurred except with methanol, ethanol, glycol monomethyl 
ether, and acetonitrile. The Ry values for the esters in these solvents 
could be enhanced by the addition of water. However, a high concen- 
tration of water caused high R, values and poor separation of the esters. 
Even with optimum amounts of water, poor resolution and broadly spread 
spots were obtained over the pH interval of 4 to 9. This difficulty was 


alleviated by the incorporation of acids or bases. Lugg and Overell (8) 


encountered a similar difficulty in the chromatography of organic acids, 
which they overcame by addition of “swamping” concentrations of a strong 
acid. The solvents which Hanes and Isherwood (2) found most suitable 
for the chromatography of phosphate esters were either strongly acidic or 
basic. In the present work the choice of acid or base, as of any solvent, 
was based first on the necessity for easy removal. Thus formic and hy- 
drochloric acids were suitable from this point of view, but the use of hydro- 
chloric acid resulted in excessive damage to the paper. 

.. ‘The order of the chromatographed compounds relative to one another 
was the same for all acid solvents used. Other orders are, however, ob- 
tained by the use of alkaline solvents, as was evident from the work of 
Hanes and Isherwood. Of all the bases listed, only NH,OH and piperidine 
were found to be useful; the former was selected because of its lower cost 


* Axelrod, B., and Bandurski, R. 3., unpublished 
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and greater volatility. Methanol, ethanol, n-propanol, acetonitrile, glycol 
monomethyl ether, and dioxane were all suitable as the neutral component 
of the solvent. Methanol was selected because it caused more rapid de- 
velopment than the other solvents named. The composition of the mix- 
tures finally chosen was based upon experiments in which the proportions 
of the components were varied in small steps. 


Confirmatory Identification of Phosphate Spots 

The characteristic properties by which glucose-1-PO,, inorganic phos- 
phate, and the purine derivatives may be detected have already been dis- 
cussed. These substances, if present, can serve as index compounds for 
the location of other esters. The various carbohydrate esters may be 
located by the use of specific carbohydrate sprays (9-11). It is sometimes 
useful to add one or more authentic phosphate esters in large amounts to 
obtain index spots. It is further possible to identify an unknown com- 
pound with a known by loading a second chromatogram with the known 
material and observing the augmentation of the spot. 


SUMMARY 


1. A two-dimensional chromatographic method for the identification of 
some phosphate esters of biological importance, including inorganic poly- 
phosphates, is described. 

2. An acid solvent consisting of methanol, formic acid, and water and a 
basic solvent containing methanol, ammonia, and water are used. 

3. An improved method of color development involving ultraviolet light 
permits the hydrolysis of resistant esters and the minimization of back- 
ground color. 


It is a pleasure to acknowledge the cooperation of Mr. George Ellman 
and the assistance of Miss Rosamond 8. Baker in this work. 
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PRODUCTION OF a-METHYLBUTYRIC ACID BY BACTERIA- 
FREE ASCARIS LUMBRICOIDES* 


Br ERNEST BUEDING ano HELEN W. YALE 


(From the Department of Pharmacology, School of Medicine, Western Reserve 
University, Cleveland, Ohio) 


(Received for publication, June 30, 1951) 


According to observations of Weinland (2) and Schimmelpfennig (3) 
pentanoic, hexanoic and other volatile acids are products of fermentation 
of Ascaris. Although the findings of these authors have been confirmed 
(4-6), their significance with regard to the metabolism of Ascaris has re- 
mained open to question (7-11). The habitat of Ascaris, the host’s in- 
testinal tract, harbors a wide variety of bacteria, some of which are known 
to produce valerie and caproie acids (12, 13). Therefore, the occurrence 
of these acids in media in which asearids had been incubated might be 
ascribed to the metabolic activities of bacteria, particularly because the 
formation of large amounts of pentanvic acids by Metazoa is most un- 
common. Alternatively, the formation of these acids might be the result 
of combined biochemical reactions of helminths and bacteria. 

As a prerequisite for a study of this problem, a procedure for the re- 
moval of bacteria from Ascaris without any demonstrable injury to the 
worm has been developed in this laboratory (14). By this technique it 
was found that bacteria-free worms produce large quantities of volatile 
acids. These represent a rather complex mixture which has been resolved 
only partially into its components. This report is concerned with frac- 
tionation procedures and the identification of acetic, propionic, and dl-a- 
methylbutyrie acids as metabolic products of bacteria-free Ascaris. 


EXPERIMENTAL 


Sterilization of the worms was carried out with the aid of either the 
antibiotic mixture described previously (14) or a salt solution containing, 
per ml., 10,000 units of penicillin, 1.5 mg. of streptomycin, 0.5 mg. of 
terramycin, and 1.2 mg. of sulfadiazine. In most experiments, the use of 
the latter mixture vielded a significantly higher percentage of bacteria-free 
worms. Following incubation with the antibiotics (24 hours; 37°) indi- 
vidual worms were transferred aseptically into a sterile, antibiotic-free, 

* Presented in part at the Forty-second annual meeting of the American Society 


of Biological Chemists at Cleveland (1). This investigation has been supported by 
a research grant from the Division of Research Grants and Fellowships, National 


Institutes of Health, United States Public Health Service. 
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buffered salt solution (14) containing 0.5 mg. of glucose per ml. After 
24 to 48 hours sterility tests were carried out. If the worms as well as 
their media were found to be free of bacteria according to the criteria 
described elsewhere (14),' the media in which they had been incubated 
were analyzed. 

Separation of Volatile Acids on Celite Columns 

Moyle, Baldwin, and Scarisbrick (15) have described a method for the 
separation of steam-volatile acids by partition chromatography on buffered 
silica columns. Separation of the acids was accomplished by using two 
variables: the pH of the buffer present in the non-mobile phase and the 
concentration of butanol in the eluent. With the various batches of silica 
available to us, we are not able to obtain reproducible separations or quan- 
titative recoveries with this method. Yet, when Celite was used instead 
of silica, it became possible to separate quantitatively and reproducibly 
from each other volatile acids containing from | to 6 carbon atoms. 

The following reagents were used for this procedure. 

Chloroform (reagent grade) was washed free of aleohol by percolation 
with distilled water for about | hour. The chloroform was drawn off and 
filtered. 

Celite (Johns-Manville, No. 535) was washed in a column with peroxide- 
free ether (about 1 liter per 500 gm. of Celite). The powder was then 
dried in vacuo over anhydrous calcium chloride. 

Butanol (reagent grade), purified by distillation im vacuo. 

Phosphate buffers (2 ) of pH 7.6, 6.5, and 3.4, prepared from stock solu- 
tions (2 m) of KzHPO,, KH.PO,, and H,PO,. The pH of these buffers 
was determined on appropriate dilutions (1:30). Buffers of pH 6.5 and 
3.5 and the stock solution of KH,PO, were kept at 37° in order to prevent 
crystallization. All solvents used for each column were equilibrated with the 
buffer used as the non-molnle phase (2 to 5 ml. of buffer per 100 ml. of solvent). 
The solvent was filtered in order to remove any water remaining in sus- 
pension. 


Indicators, solutions of brom thymol blue and thymol blue (16). 


! After treatment with antibiotics, we frequently encountered asearids with con- 
taminated intestinal tracts, even though the medium surrounding the intact worm 
showed no evidence of bacterial growth either on direct visual inspection or on sub- 
sequent subculture on aerobic and anaerobic nutrient agar plates. Therefore, an 
Ascaris cannot be considered bacteria-free unless its exposed intestinal tract has 
been subjected to searching examination by various cultural techniques, insuring 
growth of both facultative and obligatory aerobes and anacrobes. This is of special 
importance since Clostridia are present in the habitat of Ascaris, the mammalian 
intestinal tract (12), and since several varieties of this group of bacteria produce 
butyric, valeric, and caproic acids (13). 
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8 gm. of Celite in a glass tube (inside diameter, 12 mm.) yielded a con- 
venient size of column for analysis of a mixture containing a maximum 
of 0.15 m.eq. of acids. Less than 0.001 m.eq. of an acid can be detected 
on such a column. In preparing the column, 0.6 ml. of buffer was added 
per gm/ of Celite, and ground with it in a mortar. Chloroform which had 
been equilibrated with the buffer was added to the mixture until, after 
mixing, a small volume of supernatant solvent was present. A plug of 
glass wool was placed in the glass column as support for the Celite, and 
a rubber tubing provided with a screw clamp was placed over the tip. 
A small volume of chloroform was put into the column, and the Celite 
mixture was added, about 1 gm. at a time. After each addition, the 
Celite was stirred with a slender red and tamped down with a glass rod 
which had a flattened end, the diameter of which was almost as large as 
that of the column. The rod was twisted as it was lowered, an even down- 
ward pressure being exerted. The column was rotated and any floating 
particles of Celite were tamped down evenly. It is very important to 
pack the Celite into the column carefully and evenly in order to avoid the 
formation of vertical “channels” through which the acids flow more rapidly, 
a condition which results in overlapping of the acids instead of their sepa- 
ration. If the buffer is ground too firmly with the Celite, or if too much 
pressure is exerted in the packing of the column, some buffer may be 
squeezed out of the Celite, causing a high blank value. 

The acid mixture to be analyzed was added to the Celite column in a 
total volume not exceeding 10 ml. of chloroform; the effluent was allowed 
to flow from the column at its natural or at an accelerated rate obtained 
by the use of air pressure. The rate of flow appeared to have no effect 
upon the results obtained. 

Aliquots of the effluent were titrated after adding an equal volume of 
distilled water and 2 drops of a solution of brom thymol blue to the sample. 
CO--free nitrogen was passed through the mixture before and throughout 
the titration with an aqueous potassium hydroxide solution (0.005 to 
0.01 x). The alkali required to neutralize a similar aliquot obtained from 
the column before any acid had been eluted was used as the blank value. 

In separating and isolating larger amounts of the volatile acids, columns 
containing 40 gm. of Celite were used; these columns had acid-holding 
capacities of 1.0 to 1.5 m.cq. The glass columns were equipped with 
stop-cocks and had an inside diameter of 26 mm. A perforated porcelain 
disk was used in addition to the glass wool as support for the Celite. The 
Celite-chloroform suspension was put into the column and stirred well 
with a rod. Excess solvent was added to within | inch of the top. A 1- 
holed rubber stopper, which carried tubing connected with a source of air 
pressure, was inserted into the top of the column. The air pressure was 
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allowed to reach about 400 mm. of Hg; then the stop-cock was opened and 
the solvent allowed to flow out until its level was only slightly above the 
surface of the Celite. The pressure packing was repeated and the Celite 
further packed down by hand, as described above. At most, 25 ml. of 
solvent containing the mixture of volatile acids were placed on the column. 
Allowing the columns to run dry had no adverse effect on the results ob- 
tained if the period during which there was no solvent above the Celite 
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mi.of Solvent Eluted from the Column. 


Fic. 1. Separation of volatile acids by means of Celite columns; 2 mM phosphate 
buffer, pH 7.6. 


was of short duration (30 minutes or less). Drying over a longer period 
of time appeared to lower somewhat the recovery of the acids. 

When the buffer of the non-mobile phase had a pIl of 7.6, caproic acid 
and its isomers were eluted with pure chloroform, while valeric acid and 
the lower volatile acids were held by the column. With 5 per cent butanol 
in chloroform, valeric acid and its isomers were eluted, and, when the 
butanol concentration was increased to 20 per cent, butyrie and isobutyric 
acids were obtained. Propionic, acetic, and formic acids remained on the 
column. These acids could be eluted separately by the use of buffers 
having a lower pH. At pli 6.5, acids containing 4 or more carbon atoms 
were eluted with pure chloroform, propionic acid with chloroform con- 
taining 5 per cent butanol, and acetic acid with 20 per cent butanol. 
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Fic. 2. Separation of volatile acids by means of Celite columns; 2 mM phosphate 


buffer, pH 6.5. 
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Fig. 3. Separation of volatile acids by means of Celite columns; 2 « phosphate 
buffer, pH 3.5. 
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Formic acid, because of its relatively low solubility in organic solvents, 
required pH 3.5 to pass into 20 per cent butanol in chloroform. In this 
case, all other volatile acids were removed previously from the column, 
either with chloroform or chloroform containing butanol in a concentra- 
tion of less than 20 per cent. For further details the reader is referred to 
Figs. 1 to 3 and Table I. 


Taste I 
Elution of Volatile Acids from Celite Columns 
Approximate vol uired to elute acids 
pH of buffer Butanol in CHCl maximum capacity of column 
8 gm. Celite © gm. Celite 
per cons mi. 
7.6 0 80 400 
7.6 5 70 300 
7.6 20 70 450 
6.5 0 90 550 
6.5 5 60 400 
6.5 20 100 600 
3.5 0 50 400 
3.5 5 50 250 
3.5 20 80 400 
Volatile Acids Produced by Ascaris 


The media in which bacteria-free Ascaris had been incubated were ad- 
justed to pH 2 with H,SO, and distilled in vacuo at 35-40° into a solution 
of sodium bicarbonate. The alkaline distillate was concentrated in vacuo 
(35—40°) to a small volume and lyophilized. The residue was taken up 
in approximately 5 ml. of pure chloroform (equilibrated with water) and 
made acid to pH 2 (red to thymol blue) with concentrated H,SO,. Anhy- 
drous sodium sulfate was added to take up any water; thereafter the mix- 
ture was centrifuged and the supernatant fluid decanted. The sodium 
sulfate was washed several times with small portions of chloroform, followed 
by washings with 1 per cent butanol in chloroform. An aliquot of the 
combined supernatant fluids was titrated to determine the total amount 
of acids. Preliminary experiments showed that quantitative recoveries 
were obtained with all volatile acids except formic acid, which was re- 
covered only to an extent of 75 per cent. 

By the procedures described above, it was found that bacteria-free 
Ascaris produce in 24 hours 2.5 to 4 m.eq. of volatile acids per 100 gm. 
(wet weight). Over 40 per cent of the steam-volatile acids had the solu- 
bility characteristics of an acid (or acids) containing 5 carbon atoms; 
about 20 to 30 per cent of them behaved as C¢ acids and 2 to 5 per cent 
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as C, acids; of the remainder, 20 to 25 per cent had the characteristics of 
acetic acid and approximately 10 per cent those of propionic acid. No 
formic acid could be detected. Therefore, the presence of formic acid in 
non-sterile Ascaris media, observed by other investigators (3, 4, 6), is 
probably ascribable to the metabolic activities of contaminating bacteria. 

To each fraction isolated by means of the buffered Celite column, water 
was added (one-third of the volume of the solvent), followed by 90 per 
cent of the equivalent amount of sodium hydroxide and slightly more 
than 10 per cent of the equivalent amount of sodium bicarbonate required 
to neutralize the acid (or acids). The mixture was shaken vigorously in 
a separatory funnel; after the two layers had separated, the chloroform 
layer was drawn off and extracted a second time with one-ninth its volume 
of water and a small amount of sodium bicarbonate. The two aqueous 
extracts were combined, filtered, concentrated to a small volume in vacuo 
(35-40°), and lyophilized. 

The fractions possessing the solubility characteristics of acetic and 
propionic acids isolated from bacteria-free Ascaris media were identified 
as follows: The lyophilized sample of each fraction was dissolved in 10 
ml. of water, acidified with 2 x sulfuric acid to pH 2.0, and concentrated 
to dryness in vacuo. The distillate was trapped in water containing sodium 
bicarbonate in a slight excess (10 per cent) over the amount required to 
neutralize the volatile acid. The alkaline distillate was concentrated in 
vacuo to a small volume (approximately 1.0 ml.) and neutralized to pH 
7.0 with 0.5 n HCl. Identification of the acid was carried out by prepara- 
tion of the p-bromophenacyl ester (17). The reaction product was ex- 
tracted by suspending it in 30 volumes of petroleum ether (b.p. 70-80°), 
and heating the mixture to 50°. After being cooled to room temperature 
any unchanged p-bromophenacylbromide was removed by centrifugation 
and the supernatant solution containing the derivative was evaporated to 
dryness under reduced pressure. The residue was recrystallized from 60 
per cent ethanol until a constant melting point was obtained. The de- 
rivatives had the following characteristics: 

Derivative of the fraction having the solubility characteristics of acetic 
acid, m.p. 84°; mixed m.p. with p-bromophenacyl acetate (84°) S4°. 

C,H,O,Br. Calculated. C 46.71, H 3.50, Br 30.80 
Found. =“ 46.70, “ 3.60, “ 31.12 


Derivative of the fraction having the solubility characteristics of pro- 
pionie acid, m.p. 61.5-62°; mixed m.p. with p-bromophenacy! propionate 
(61.5-62.5°) 61.5-492.5°. 


Caleulated. C 4s 73, H 4 07. Br 2») 49 
Found. 48.64, 4.00, “ 2.58 
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From the foregoing it is concluded that acetic and propionic acids are 
produced by bacteria-free Ascaris. 

Attempts were made to determine which isomer or isomers of valeric 
acid are produced by Ascaris. Partial separation of these isomers was 
attained by partition chromatography on Celite columns when the non- 
mobile aqueous phase was pH 7.8 and when 1 per cent butanol in chloro- 
form was used as the eluent. Under these conditions trimethylacetic acid 
was eluted first; it was followed by n-valeric acid and finally by a mixture 
of a-methylbutyric and isovaleric acids (Fig. 4). The behavior of these 
latter two acids on partition chromatography is so similar that they could 
not be separated from each other by this means. The fraction of volatile 
“C;” acids isolated from bacteria-free Ascaris media consisted of several 
isomers. About 50 per cent had the solubility characteristics of n-valeric 
acid, the remainder those of either a-methylbutyric acid or isovaleric acid 
or a mixture of the two (Fig. 4). The infra-red transmission spectrum’ 
of the latter fraction (Fig. 5) revealed that jt consisted almost exclusively 
of a-methylbutyric acid and that, if isovaleric acid was present at all, it 
could have been only a minor constituent. An aqueous solution of this 
fraction containing 0.23 m.eq. of acid per ml. (pH 1.5) was found to be 
optically inactive (1 = 2dm.). Preparation of the p-bromophenacy! ester 
of this fraction was carried out by the same procedure as that used for 
the identification of acetic and propionic acids (see above). The p-bro- 
mophenacyl ester melted at 53.5-54.5°, which was identical with that of 
the p-bromophenacyl ester of a-methylbutyric acid; the melting point on 
admixture of the two compounds was unchanged. 


C,;0:H,;sBr. Caleulated. C 52.22, H 5.02, Br 26.73 
Found. ** 52.20, 4.97, “* 26.66 


From these data it is concluded that about 20 per cent of the volatile 
acids produced by bacteria-free Ascaris consists of a-methylbutyric acid. 
The possibility that the lack of optical activity of this acid was due to 
racemization during the procedure of isolation was tested as follows: 
Partially resolved a-methylbutyric acid was prepared according to Schiitz 
and Marckwald (18);a@, = —11.1° (e of aqueous solution 3.82; 1 = 2 dm.). 
The optical rotation did not change upon two successive distillations. 
0.8 m.eq. of this acid was added to a salt solution which had the same 
composition as the medium in which the ascarids had been incubated. 
This material was distilled, concentrated, and fractionated on buffered 
Celite columns in the same manner as the Ascaris media from which 
racemic a-methylbutyrie acid had been isolated. After this treatment the 
[a], of the acid recovered by the above procedure was —11.15° (e of aque- 


? Kindly determined by Dr. Hans Hirschmann. 
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ous solution, 3.68; 1 = 2 dm.). It is evident that this method of isola- 
tion did not result in racemization of a-methylbutyric acid. 


__CELITE COLUMN pH 7.8, BUTANOL in 
| ~-KNOWN MIXTURE OF Cs ACIOS 
| ~ FRACTION OF ASCARIS MEDIA 


‘ 


miof EFFLUENT 


Fic. 4. Partial separation of “Cs” volatile acids on buffered Celite columns. A 
total load of 0.01 m.eq. of “C," acids was placed on a column consisting of 12 gm. of 
Celite and 7.2 ml. of potassium phosphate buffer (pH 7.8); inside diameter of column, 
i6mm. A load of 0.2 m.eq. of “Cy” acids required « column consisting of 48 gm. of 
Celite and 28.8 ml. of buffer; inside diameter of column, 26 mm.; height, 23 to 27 em. 
In all other respects the preparation of the columns was identical to that of those 
illustrated in Figs. 1 to 3. 
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WAVELENGTH 
70 80 90 WO 120 130 140 
Fic. 5. Infra-red transmission curves of a-methylbutyrie acid (Curve MB), of a 
volatile acid isolated from bacteria-free Ascaris media (Curve A), and of isovaleric 
(Curve IV). The upper left ordinate refers to Curve IV, the right ordinate to Curve 


A. and the lower left ordinate to Curve MB. The measurements were made on CS, 
solutions with a Perkin-Elmer infra-red speetrophotometer (model 12-B). 


As far as we are aware, the production of a-methylbutyrie acid by 
Metazoa has not been observed previously. This compound has been 
isolated from a number of plant sources (19-25) and has been identified as 
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a product of some microorganisms (26-28). The acid was dextrorotatory 
in every instance in which the optical rotation was determined ; therefore, 
the occurrence of racemic a-methylbutyric acid in nature hitherto has not 
been reported. 

A large proportion of the fraction of volatile ‘‘C;” acids which had the 
solubility characteristics of n-valeric acid was not identical with this acid. 
With aqueous solutions of this material, a considerable uptake of bromine 
was observed: | to 1.4 equivalents of bromine* were taken up per equiva- 
lent of volatile acid. In the far ultraviolet region, this fraction had a 
high absorption, which was similar to that of crotonic acid and which 
disappeared after catalytic hydrogenation. Furthermore, following cata- 
lytic hydrogenation only 30 to 50 per cent of the acids present originally 
in this fraction had the solubility characteristics of n-valeric acid. This 
observation indicates that this material consisted of a mixture of n-valeric 
and a compound which has the properties of an a-§-unsaturated volatile 
acid. In contrast to the results obtained with sterile Ascaris, little or no 
bromine was taken up by this fraction if the worms had been contaminated 
even slightly with bacteria. This observation again indicates the neces- 
sity of insuring the complete absence of bacteria in studies concerned with 
metabolic products of Ascaris.'. No bromine uptake was observed in the 
volatile acid fractions, isolated from bacteria-free Ascaris media, which 
had the solubility characteristics of acetic, propionic, butyric, and a- 
methylbutyrie acids; on the other hand, 0.15 to 0.25 m.eq. of bromine per 
milliequivalent of acid was taken up by the fraction which, on partition 
chromatography, behaved as C, volatile acids. 


Production of Non-Volatile Acids by Bacteria-Free Ascaris 


After removal of the volatile acids (see above) from media in which 
bacteria-free Ascaris had been incubated, the residue was suspended in a 
small volume of water and subjected to continuous extraction with ether 
for 48 hours (pH of the aqueous phase, 1.5). The ether extract was dried 
with anhydrous Na.SO, and the total acidity of the extract was determined 
by titration of an aliquot of this ethereal solution. From the remaining 
solution, the ether was removed by distillation under reduced pressure and 


? See also foot-note 3, p. 504 (27). 

‘ Bromine uptake was determined by adding a solution (2 ml.) of KBr (0.017 ™) 
and of KBrO, (0.0033 M) to an aliquot (5 ml.) of the volatile acid fraction in H.SO, 
(6~). The mixture was kept in the dark in a tightly stoppered flask for 10 minutes. 
After this period KI (10 per cent; 1 mil.) was added and the liberated iodine titrated 
against sodium thiosulfate (0.005 x). Application of this procedure to solutions of 
crotonic acid revealed that 2 m.eq. of bromine were taken up per milliequivalent 
of acid. 
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the residue was analyzed for lactic (29) and pyruvic (30) acids after chro- 
matographic separation.’ Of the total acids formed by bacteria-free As- 
caris, only one-ninth consisted of non-volatile acids. At the most 0.3 per 
cent of the non-volatile or 0.04 per cent of the total acids formed consisted 
of lactic acid, and no pyruvic acid could be detected. The occurrence of 
such small amounts of lactic acid in Ascaris media does not necessarily 
indicate that the enzyme system concerned with the formation of lactic 
acid via the Embden-Meyerhof scheme is not present in this organism. 
In fact, evidence to the contrary has been obtained from experiments with 
dialyzed extracts of acetone powders of Ascaris muscle. In the presence 
of glucose (2 X 10-* m), phosphate buffer (4 X 10-* M; pH 7.4) adenosine- 
triphosphate (7 X 10-* m), and Mg** (4 X 10-* M), these preparations 
produced in 1 hour 0.1 to 0.15 uM of lactic acid per mg. of powder. While 
omission of ATP or Mg resulted in a pronounced reduction in lactate 
production (80 to 98 per cent), addition of hexosediphosphate produced a 
50 per cent increase. A further stimulation in lactic acid production 
was observed when arsenate was substituted for phosphate. It should 
be noted that addition of diphosphopyridine nucleotide had no effect 
on lactic acid production and that dialysis did not remove this coenzyme 
completely (31). Spectrophotometric assays revealed that added diphos- 
phopyridine nucleotide was reduced by the extract in the presence of 
hexosediphosphate (1 X 10-? m), potassium fluoride (2.6 10-* m), po- 
tassium arsenate (1 X 10-*M), and potassium glycylglycine buffer (1 X 
10-? m; pH 7.4) and that this coenzyme was reoxidized on addition of 
pyruvate to this system. Therefore, in Ascaris muscle enzyme, systems 
involved in glycolysis are present and they appear to have many simi- 
larities to those of vertebrate skeletal muscle. Compared to the latter, 
the activity of the glycolytic system of Ascaris muscle is low, but it is con- 
siderably higher than would be indicated by the total amount of lactic 
acid which is found after incubation of the intact worms. The latter fact 
may be attributed to a utilization by Ascaris of lactic acid or of its pre- 
cursors; possibly this utilization is related to the formation of one or 
several volatile acids. 
SUMMARY 


1. A method is described for the separation, by partition chromatog- 
raphy on buffered Celite columns, of volatile acids containing | to 6 carbon 


atoms. 

2. In the presence of glucose, bacteria-free Ascaris produce in 24 hours 
2.5 to 4 m.eq. of volatile acids per 100 gm. (wet weight). In addition to 
acetic and propionic acids these organisms produce volatile acids whose 


* Utter, M. F., personal communication of an unpublished procedure. 
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solubility characteristics are similar to those of butyric, of pentanoic, and 
of hexanoic acids. No formation of formic acid by Ascaris was observed. 

3. The identification of dl-a-methylbutyric acid as a metabolic product 
of bacteria-free Ascaris is described. Approximately 20 per cent of the 
volatile acids produced by the worms can be accounted for as a-methyl- 
butyric acid. 

4. Evidence has been obtained which indicates that 10 to 15 per cent 
of the volatile acids produced by Ascaris consists of an a-8-unsaturated 
acid whose solubility characteristics are similar to those of n-valeric acid 
and that the latter acid also is formed by the worms. 

5. Only 7 to 8 per cent of the acids produced by Ascaris are non-volatile. 
Although production of lactic acid by intact Ascaris is extremely small, 
enzyme systems are present in Ascaris muscle which appear to catalyze 
the production of lactic acid according to the Embden-Meyerhof scheme. 


The authors wish to express their indebtedness to Dr. Hans Hirschmann 
for the determination of the infra-red transmission spectra and for his 
most helpful suggestions, to Miss Vera Glocklin for technical assistance, 
and to Dr. E. W. D. Huffman for the microanalyses reported in this paper. 
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THE APPARENT IONIZATION CONSTANTS OF THE 
ADENOSINEPHOSPHATES AND RELATED 
COMPOUNDS* 


By ROBERT A. ALBERTY, REX M. SMITH, ann ROBERT M. BOCKt 
(From the Department of Chemistry, University of Wisconsin, Madison, Wisconsin) 


(Received for publication, May 7, 1951) 


The central réle of the adenosinephosphates in biochemical mechanisms 
depends upon their phosphorylation and dephosphorylation reactions (1- 
3). The equilibria of these reactions depend upon pH, and therefore in- 
formation concerning the various ionization constants is of fundamental 
importance. With the aid of the various ionization constants it is possible 
(a) to calculate the variation in the equilibrium constant or free energy 
of reaction with pH and (b) to calculate the number of equivalents of acid 
or base produced by the reaction per mole of reactant. Dixon (3) has 
recently discussed the variation of the energy of the energy-rich phosphate 
bond with pH. Hill and Morales (4) have pointed out the importance 
of the electrostatic factor in the high energy of the phosphate bond in 
adenosinetriphosphate (ATP) and its relation to the various ionization 
constants. 

In the case of adenosinediphosphate (ADP) and ATP there is a paucity 
of satisfactory titration data on material of known purity. Preliminary 
titrations have been carried out by Eirich and Filz (5) and Lohmann (6). 
A number of phosphoric acid esters of biological importance have been 
titrated by Meyerhof and Lohmann (7), Kiessling (8), and Cori, Colowick, 
and Cori (9). Kumler and Eiler (10) have determined the ionization 
constants of alkyl phosphates and discussed the factors affecting the ioni- 
zation constants of phosphate esters. 


EXPERIMENTAL 


The titrations were carried out with a Cambridge research model pH 
meter equipped with a glass electrode. The electrodes were inclosed by a 
metal box with four hollow sides through which circulated water from a 
thermostat. A Scholander micro burette (11) with a capacity of 0.75 
ml. was used. The solution in the beaker was stirred by bubbling through 
it nitrogen which was saturated with respect to a solution having the same 

* Presented before the Division of Biological Chemistry of the American Chemi- 


eal Society, Chicago, September 7, 1950. 
t Public Health Research Fellow of the National Heart Institute of the National 


Institutes of Health. 
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temperature and salt concentration. The pH meter was standardized on 
the paH scale with the buffers listed in Table 1. Since the ionization 
constants were all determined in 0.15 M NaCl] solutions, they are the ap- 
parent constants for this medium. As a result of the large valence of the 
adenosinephosphates, their contribution to the ionic strength of the solu- 
tion was not always negligible. The data are presented as pK,’ values, 
the negative logarithm of the apparent ionization constants for the acid 
dissociation. The corrections discussed by Simms (14) were not made 
because they are within the experimental error in the present case. 
Samples weighing from 10 to 40 mg. were dissolved in a known volume 
(2 to 4 ml.) of 0.15 m sodium chloride and titrated with | ~ HCl and I x 
NaOH containing 0.15 mM sodium chloride. When barium salts were ti- 
trated, a stoichiometric amount of sulfuric acid was used to dissolve the 


| 
pH Values of Buffers 


2° 


Acetic acid (0.01 w) and sodium acetate (0.01 

4.724 ((12) p. 55) 
Potassium dihydrogen phosphate (0.025 

and disodium hydrogen phosphate (0.025 

u) 6.500 6 ((12) p. 36) 
Potassium acid phthalate (0.05 u) 4.000 4.015 ((13) p. 278) 
salt and the barium sulfate was removed by centrifugation. Some titra- 
tions were carried out with tetramethylammonium hydroxide to avoid 
the formation of sodium-phosphate complexes (15, 16). The pK’ values 
were increased only slightly by replacing sodium ion by tetramethylam- 
monium jon. 

By keeping the volume small and using rather concentrated NaOH 
and HC! solutions, the corrections for the free hydrogen and hydroxy! 
ions in the pH range studied were kept quite small. It proved most 
satisfactory to subtract from the volume of NaOH added the volume of 
NaOH required to titrate that volume of 0.15 m sodium chloride to the 
sume pH (17). The titrations were limited to the range pH 2 to I1 be- 
cause of the properties of the glass electrode. 

A plot of the number of equivalents of hydroxyl ion which have reacted 
with adenosinetriphosphoric acid at various pH values is shown in Fig 
1. The line through the experimental points was calculated from the 
two pK values obtained from the data. It is evident that another pho- 
phate group is being titrated at pH 3 and lower. In fact three strong acid 


pil 
bod verge rag 
refeteme 

A 
A 
A! 
a . 
a. 
Ae 
A 
ts 

“ 
a 
h 


ey ss 


TS & 


— 


R. A. ALBERTY, R. M. SMITH, AND R. M. BOCK 427 


groups are titrated below pH 3, but cannot be determined with the glass 
electrode because its response does not follow that of the hydrogen elec- 
trode at a low pH (13). 


EQUIV NoOH x 10% 


@ 
its) 


3 4 6 
Fia. 1. Corrected titration curve of ATP in 0.15 sodium chloride at 38°. O, 
experimental points; solid line, theoretical curve calculated with pK (ammonium) 
= 4.00, pK (phosphate) = 6.50. 
Taste Il 
pK,’ Values in 0.15 w Sodium Chloride Solutions 


25° 

Ammonium Phosphate Ammonium Phosphate 
ATP... | 4.00 6.48 4.00 6.50 
ADP | 2.06 6.26 3.92 6.27 
AMP-5 3.74 6.05 3.71 6.08 
AMP3 3.80 6.15 3.60 6.05 
8-AMP.3 3.65 5.88 3.50 5.82 
Adenosine 3.63 3.60 
Adenine 4.12 9.75" 4.07 
H,PO, 6.64 6.73 


* NH at position 9. 
4 


Adenine—The two pK values of adenine determined on a sample ob- 
tained from the Schwarz Laboratories, Inc., New York, are given in Table 
Il. These values may be compared with those obtained by Taylor (18) 
with a hydrogen electrode, pK, = 4.15, pK, = 9.80 at 25°, and Ogston 
(19), pK, = 4.6 at 25°. The amino group in position 6 is similar to the 
amino group in aniline which has a pK of 4.6 at 25°. The dissociation at 


higher pH ix due to an _NH of the imidazole ring and disappears when 
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the 9 position is substituted as in adenosine. A moving boundary ex- 
periment with adenine at pH 10.3 confirmed the fact that it exists as an 
anion at this pH (20). 

Adenosine—The pK of the amino group of adenosine determined on a 
sample obtained from the Schwarz Laboratories is given in Table II. 
Levene and Simms (21) (pK = 3.45 at 25°) and Ogston (19) (pK = 3.6 
at 25°) have shown that this pK is lower than that of adenine. In addi- 
tion there is the ionization of a hydroxyl group of the sugar which has a 
pK of about 12.5 (22). We have not titrated this group because of the 


\ 
errors of the glass electrode at a high pH. Since the NH group of 


adenine with pK = 9.5 is missing in adenosine, an adenine impurity may 
easily be detected by titration. 

Adenosine-3-phosphoric Acid— Yeast nucleic acid has been shown to con- 
sist of two isomers by Carter and Cohn with paper chromatographic and 
ion exchange techniques (23-26). Doherty (27) has shown that these 
two isomers differ in the configuration of the nitrogen glycoside linkage. 
Thus the compounds which have been referred to as Compounds A and 
B by Cohn and Carter are a and 8 isomers. The less soluble 3 isomer is 
the one studied by Levene and Simms (21). 

Samples of a- and 8-adenosine-3-phosphoric acid (AMP) prepared by 
ion exchange methods were kindly supplied by Dr. Waldo E. Cohn. The 
pK values of these compounds for the phosphate group had previously 
been shown to be different by Dr. M. Kuna,' who found the phosphate 
pK values at 25° with no added salt to be, for the a compound, pK = 6.21, 
for the 8, pK = 6.06, and for adenosine-5-phosphoric acid, pK = 6.48. 
The pK values of the ammonium and phosphate groups of these com- 
pounds at 25° and 38° in 0.15 sodium chloride are given in Table II. The 
pK of the first phosphate ionization is too low to be determined with the 
glass electrode. The values for 8-AMP-3 may be compared with those 
obtained by Levene and Simms at 25° (21); (ammonium) pK = 3.70, 
(phosphate) pK = 6.01 at 25°. 

Adenosine-5-phosphoric Actd-—Muscle adenylie acid obtained from the 
Ernst Bischoff Company, Inc., lvoryton, Connecticut, was found to give a 
single moving boundary in the Tiselius apparatus (20) and was used for 
the titrations. The pK values reported in Table Il may be compared 
with those obtained by Wassermeyer (28) at 23°; ph (ammonium) © 3.8, 
pK (phosphate) = 6.2. 

Adenosinediphosphoric Acid— The samples of ADP titrated were ob- 


' Kuna, M., personal communication. 
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tained from the Sigma Chemical Company and from Dr. A. LePage and 
D. Groth (purified by the ion exchange technique), and both were found 
to yield a single moving boundary in the Tiselius apparatus. ADP has 
two pK values which are too low to be determined with the glass electrode. 

Adenosinetriphosphoric Acid—-Adenosinetriphosphates from commercial 
sources were purified by passage through an ion exchange column accord- 
ing to the procedure of Cohn and Carter (29) modified to permit operation 
at 5°. We are indebted to Henry Klein for aiding in this work. 1 gm. 
quantities could conveniently be handled by a column 4 em. in diameter 
and 10 cm. high. Several such preparations were found to contain less 
than 5 per cent ADP and AMP by electrophoretic analysis. 

ATP has four ionizable phosphate groups. Three of these groups ionize 
strongly and have a pK,’ value less than 2. The last hydrogen to come 
off of the phosphate residues would be expected to come off of the end 
residue, since the largest amount of electrostatic work will be required to 
remove a proton from this point. 

It is noted that there is an increase in the pK,’ of the ammonium and 
phosphate groups on going from AMP-5 to ADP to ATP. This effect 
is to be expected since the negative charge on the ion increases on going 
from AMP-5 to ADP to ATP. Thus the escape of a proton from the ion 
becomes more difficult. For both ADP and ATP the change in pK,’ 
calculated with the simple Bjerrum equation (30) is larger than the ob- 
served change. 

The pK,’ values for the phosphate groups of ADP and ATP may be 
compared with those of the polyphosphorie acids, pyrophosphorie acid 
and tripolyphosphoric acid. The pK,’ values for the last ionization of the 
latter compounds are lower than that for orthophosphorie acid, but pK,’ 
for the next to the last ionization is about the same for all three phosphoric 
acids (15, 31). 


DISCUSSION 


The titration data may be conveniently summarized by plotting the 
average net charges of the compounds against pH as in Fig. 2. The 
differences in the charges of ATP, ADP, and AMP suggest the possibility 
of separation by means of an electric field (20). The curve for inosine 
(pK = 8.7 at 25°) (19) has been included for comparison and to show 
that an inosine impurity as well as an adenine impurity in the adenosine- 
phosphates may be easily detected by titration. 

The adenosinephosphates exist as cations in strongly acid solutions, 
and the steps in the dissociation may be formulated in general as in equa- 
tion (1). 
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| 
+! | t 
| ADENOSINE ~~ ADENINE | | 
O+-- 
_ ADENINE 
iINOSINE 
AMP-34 AMP-S 
br 
-3. hi 
are 
3 5 6 7 8 9 
pH 
Fic. 2. Average net ionic charge as a function of pH at 38° in 0.15 ™ sodium 
chloride. 
A+ = A + Ht K, = [H*)(A)/(A*) 
A + H K, = 
= + K, = (1) 
= Aw + He Kew = 
The average valence v at a given hydrogen ion concentration is given in 
equation (2) where the second form is obtained by the introduction of 
[A+] + [A) + [A-) + [Av] + .. +[A™] 
i= \ 
1 iK, ... Kia (2) Var 
ade 
1+ > K, .. Kea 9 a 
of 
equation (1). In the case of ATP, K,, Ke, and K; are unknown; however, 
the average net charge may be calculated over the range pH 3 to 10 with 
the aid of equation (2), since only terms involving K, and Ks are impor- 
tant and the unknown constants cancel. 

Ionization constant data on all the reactants and products of a reaction The 
make it possible to calculate the number of equivalents of acid or base 
produced at various pH values. The generalized reaction may be written pm, 

As + BY Ce + Dt + [(a + — (ce + d))H* (3) 
where a, b, c, and d are the average ionic charges (not necessarily integers) _ 


j 
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of the reactants and products calculated as discussed above. Fig. 3 shows 
the number of equivalents of hydrogen ion produced by the following 
reactions at 38°. 


ATP — ADP + P (4) 
ADP — AMP-5 + P (5) 
AMP-5— A +P (6) 


The quantity of acid produced by reactions (4) and (5) is nearly identical. 
but reaction (6) is quite different. A negative number of equivalents of 
hydrogen ion means that acid is consumed by the reaction. 


1.0 


pH 


Fic. 3. Number of equivalents of acid formed per mole of reactant at 38° in 0.15 
u sodium chloride; (a) ATP —-- ADP + P and ADP — AMP + P; (6) AMP A + P. 


With the aid of the ionization constants it is possible to calculate the 
variation in the apparent equilibrium constants of reactions involving the 
adenosinephosphates. The equilibrium between ATP and ADP at pH 
9 and 10, where the valences of the various components are independent 
of pH, may be written as 


+ H:O = ADP® + HPO,- + H* (7) 


[ADP*- PO,~)[H*) 
] 


The equilibrium constant expressed in this way is independent of pH.” 


K = (8) 


? It is not practical to formulate the reaction as it occurs in strongly acid solution, 
ATP* + H,O = ADP* + H;P0O,, because lack of information concerning the first 
three ionization constants for ATP and the first two constants for ADP makes calcu- 


lations in the neutral range impossible. 


0.6 

a / 
n 

2 

= 0.2 

0 

-02 \o/ 

-0.4 

= 
m 
th 
se 
3) 


432 IONIZATION CONSTANTS OF PHOSPHATES 


However, it is customary in discussing reactions of this type to use the 
apparent equilibrium constant k. 
CADPCHs PO4 (9) 
CaTP 
where c is the molar concentration (including all ionic species). The ap- 
parent equilibrium constant may vary markedly with pH. 
The relationship between these two equilibrium constants may be seen 


AMPA + P + 
-~5+ 

AF 

KCAL /MOLE! 

+10° 


“10+ 
ATP—>ADP +P 


ADP + P 


as ; 5 9 10 


3.4 


Fig. 4. Variation in AF and apparent equilibrium constant (&) for several reac- 
tions at 38° in 0.15 m sodium chloride. 


by rewriting equation (8) as 


cape Cuyro, 
(10) 
Catrfate*- 


where f is the fraction of a constituent in the designated ionic form. 
Combining equations (9) and (10) yields 


Saret~ 
| 


The pH dependence of the apparent equilibrium constant is expressed by 
the factor in brackets. Thus if the apparent equilibrium constant is 
known at any pH and the various ionization constants are known so that 
the factor may be calculated, K may be obtained from equation (11) and 
the apparent equilibrium constant / may be calculated at any desired pH. 

The fraction of a constituent A (equation (1)) in the form of an ion of 


K = 


3s 


92 = 
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net charge vy may be written 
+ [A] + + [47] + 
OK... Krull (12) 


As a specific example, farps- at 38° reduces to 
(1 + + 


In the case of reactions (4) and (5), Lipmann (1) has estimated AF to 
be —10 kilocalorie per mole at physiological pH (7.4). This represents 
an equilibrium constant of 1.1 X 10’ at 38°. The variation in AF and k 
for these reactions with pH calculated as described above is shown in 
Fig. 4. 

In the case of reaction (6) a phosphate ester bond is broken, and AF 
at pH 7.4 is assumed to be —3 kilocalorie per mole (1) and & is 130 at 38°. 
It is seen that the variation in AF with pH for these two types of reaction 
is quite different. Similar calculations for several reactions have been 
made by Dixon (3) with approximate ionization constants. 


SUMMARY 


The apparent ionization constants of the acidic and basie groups of the 
adenosinemono-, di-, and triphosphates, adenosine, and adenine, which are 
titrated in the range pH 3 to 11, have been determined by use of the glass 
electrode at 25° and 38° in 0.15 m sodium chloride. Such titrations may 
be carried out with a few mg. of polybasic acid and offer a useful test of 
purity. lon exchange methods developed by Cohn have been used for 
the purification of ADP and ATP. 

With the aid of the ionization constants, the variation in equilibrium 
constant and in the number of equivalents of acid produced by several 
dephosphorylation reactions has been computed. 


This work was supported by the Research Committee of the Graduate 
School of the University of Wisconsin from funds supplied by the Wisconsin 
Alumni Research Foundation and by a research grant-in-aid from the 
E. I. du Pont de Nemours and Company. 
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ANALYSIS OF MIXTURES OF ADENOSINEPHOSPHATES BY — 
THE MOVING BOUNDARY METHOD* 


By ROBERT M. BOCKf anv ROBERT A. ALBERTY 
). (From the Department of Chemistry, University of Wisconsin, Madison, Wisconsin) 


(Received for publication, May 7, 1951) 


The moving boundary method of electrophoresis, as adapted by Tiselius, 
has been widely used in the analysis of mixtures of proteins and other 
colloidal electrolytes. This method may also be applied to the analysis 
of mixtures of low molecular weight substances, provided conditions may 
be found under which the various components of the mixture have dif- 
ferent mobilities.’ In the case of weak electrolytes with different ioniza- 
tion constants, the variation in constituent mobility (1) with pH may 
make it possible to separate substances which have very nearly the same 
mobility at some pH values. The anomalies observed in the electro- 
phoresis of proteins, such as the lack of enantiography of the ascending 
and descending patterns, are exaggerated in experiments with substances 
of low equivalent weight. Since the solution to be analyzed is not dia- 
lyzed, the 6 and ¢ boundaries which remain near the initial boundary 
positions may be rather large or practically non-existent, depending upon 
the concentration of the top buffer solution. The apparent analysis cal- 
culated from the refractive index changes across the moving boundaries 
is subject to larger errors than in the case of protein analysis, and must be 
interpreted with caution. 

The purpose of this article is to describe the application of the moving 
boundary method to an analytical problem of some difficulty, the analysis 
of mixtures of adenosinephosphates. If the P:N ratio determined for an 
ATP preparation is subject to an error of 3 per cent in each analysis, it 
will not be possible to distinguish pure adenosinetriphosphate (ATP) from 
a mixture of 1 mole of ATP and 0.22 mole of adenosinediphosphate (ADP) 
(or 0.1 mole of monophosphate (AMP)). In the determination of the 
ratio of easily hydrolyzable phosphorus to total phosphorus (2), an ex- 

* Presented before the Division of Biological Chemistry of the American Chemi- 
cal Society, Chicago, September 7, 1950. 

t Public Health Research Fellow of the National Heart Institute of the National 
Institutes of Health. 

‘Martin and Synge (9) have applied the term “ionophoresis”’ to experiments in 
electrical migration involving low molecular weight electrolytes, since the term 
electrophoresis might imply that the ions are of colloidal dimensions. Since iono- 
phoresis experiments may be carried out in very different ways, in gels, on paper, 
ete., we have preferred to emphasize the particular method used in our work. 
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_ perimental error of 3 per cent in the phosphorus determination will make 
it impossible to distinguish between pure ATP and a mixture of 1 mole of 
ATP and 0.4 mole of ADP (or 0.17 mole of AMP). Furthermore, the 
presence of unsuspected impurities may produce a compensation which 
makes the resulting gross analysis agree with the composition of a single 
component. With the moving boundary method it is possible to detect 
as little as 2 per cent of ADP or AMP in an ATP preparation. 


EXPERIMENTAL 


The moving boundary experiments were carried out at 2° in a Tiselius 
apparatus equipped with a cylindrical lens schlieren optical system. A 
diagonal slit was used in all quantitative experiments and the schlieren 
patterns were recorded by an automatic camera at 20 minute intervals for 
a period of 160 minutes.2. The areas of the various peaks were determined 
by measuring with a planimeter enlarged tracings of both edges of the 
schlieren pattern and averaging. The mobilities reported are at 0°, since 
this is the temperature at which the specific conductances were measured. 

Qualitative Analysis 

Adenosinetri-, di-, and monophosphates (ATP, ADP, and AMP) carry 
different average ionic charges over a wide range of pH, as shown by the 
preceding paper. A plot of mobility versus pH for these compounds, ade- 
nosine, and adenine is given in Fig. 1. Mobilities of the various substances 
were determined at several pH values and a smooth curve was drawn 
through the points with the aid of the known rate of change of charge with 
pH from the ionization constants at 25° given in the preceding paper. 
It can be seen that the ratios of the mobilities differ by the largest factors 
in the region between pH 3 and 4. It was found that the best resolution, 
as illustrated in Fig. 2, was obtained in a pH 3.7 lactate buffer of 0.10 
ionic strength. At this pH adenine and adenosine may be detected as 
boundaries which move toward the negative electrode. Under these con- 
ditions inosine is immobile, while pyrophosphate appears as an anion mov- 
ing more rapidly than ATP, but shows a very small apparent analysis as 
compared to the actual sample composition, and orthophosphate is not 
resolved from ATP, but contributes little to the area of the peak. 

It is desirable to use a buffer with an anion having a mobility such 
that very great boundary-sharpening effects in one limb and boundary- 
spreading effects in the other limb (resulting from the conductivity effect 
(3)) may be avoided. In many systems it is desirable to have the buffer 
anion of the same or slightly lower mobility than the slowest anionic com- 
ponent of the system under analysis and thereby provide slight sharpening 


? Bock, R. M., Hanson, E. M., and Alberty, R. A., forthcoming publication. 
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4a ADENINE 


ADENOSINE 
ADENINE 
-4- \ * 
. 
\ AMP 


Fig. 1. Constituent mobility of adenosinetriphosphate and some of its degrada- 
tion products as a function of pH at 0.10 ionie strength and 0°, 


Fig. 2. Schlieren patterns of mixtures of ATP, ADP. and AMP of known 
composition in lactate buffer, pH 3.7, of O.10 ionie strength. Molar ratios of 
ATP:ADP:AMP are (a) (hb) 6S.0:30.1:1.8, (da) 
1.0, Ce) Cf) 58.6:23.6:17.8, (g) The boundary 
at the right is the concentration boundary in each ease. 


of the descending boundaries. This was not practical in the system under 
investigation because of the very low mobility of AMP at pH 3to4. When 
lactate buffers were used, slight sharpening and good resolution were ob- 
tained in the ascending pattern and only this pattern was used for analysis. 


| 
ce 

Ty B 

he ~ 
le- 

C 
wr 
er. 
on, 
.10 

F 
ov- G 
not 
uch 
ary- 
om- 
ning 


43S MOVING BOUNDARY METHOD IN) PHOSPHATES 


(Quantitative Analysis 


Moving boundary experiments give qualitative information as to the 
number of components in a mixture, but it is more difficult to obtain 
quantitative informetion. The “apparent” analysis of a mixture of ade- 
nosinephosphates caleulated from the areas under the peaks in the schlieren 
pattern is not the true analysis of the mixture. Since the area of a peak 
is proportional to the change in refractive index across the corresponding 
boundary, this aren depends upon the specific refractive index increment 
of the constituent which disappears in the boundary and upon the changes 
in refractive index caused by changes in concentration of buffer ions or 
other components of the solution present in that region of the cell (4), 
Longsworth (5) has shown that a linear extrapolation to the true analysts 
of a mixture of aspartic and glutamic acids is not obtained when the ap- 


Samples Used to Prepare Synthetic Mirtares 


Agqearent analy sis 


sample 

ATP \DP AMP 

AMP. Bischoff, Lot 418 0 0 
Sigma, Lot 26-2 0 0 loo 
— 2380-70 0 5 
jon exchange No. 3 
** ** ** ** : 


parent analysis is plotted versus the ratio of concentration of the amino 
acids to the concentration of the buffer. Lf a complete theory for moving 
boundary svstems formed by weak electrolytes were available, it might be 
possible, with sufficient information about the various mobilities and eon- 
centrations, to caleulate the true analysis from the apparent analysis. 
However, since such a theory is not vet available, it is necessary to deter- 
mine the relationship between the true and apparent analysis by mak- 
ing moving boundary experiments with mixtures of known composition. 
Highly purified ATP, ADP, and AMP are required for the preparation 
of these mixtures of known composition. A large number of commercial 
preparations of ATP and reprecipitated commercial preparations (6) were 
examined by the moving boundary method and none gave apparent anal- 
vees greater than SO per cent ATP and 15 per cent ADP. The ion ex- 
change technique of Cohn and Carter (7), modified to permit operation 
at O°. made possible fractionation of these commercial samples inte ATP 
amd ADP fractions of high purity. The samples used in the calibration 
experiments are described in Table [, 
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Stock solutions of approximately 0.02 am AMP, ADP, and ATP were 


e prepared from the samples listed in Table I and were adjusted to pH 3.7 
50 T | T 
2 | Fe; 
<40}-— > | 2.40 
v 2 | 
20 on 
| | | 
| 
AREA PER CENT AMP AREA PER CENT ADP 
100 
90 
a 
80 
< 
70 x 
60 
4 
uw 90 7 
4 
40 


AREA PER CENT ATP 


n Fic. 3. Calibration curves for analysis of ATP preparations by the moving bound- 
| ary method. The crossed circles and broken line in ATP and ADP curves indicate 
. experiments in which AMP content was 10 per cent or greater. The estimated maxi- 
| mal uncertainty in the experiments is given by the diameter of the circles. 


| with sodium hydroxide. Barium salts of ATP and ADP were taken into 
f solution in a manner which precluded the occurrence of free sulfate ion 
y in the final sample by adding sufficient cold dilute sulfurie acid to pre- 
" cipitate eight-tenths of the barium in the sample. Aliquots from the 
stock solution were diluted by a factor of 300 with 0.001 m phosphate 
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buffer, pH 7, and the optical density at 260 mg was determined. The 
concentration of the stock solutions was calculated, assuming the molecular 
extinction coefficient for ATP, ADP, and AMP to be 1.59 X 10* (8). 
These stock solutions were then combined in the desired proportions to 
give a total of 10~* mole of total nucleotide per sample. To this sample 


Taste Il 
Composition of ATP Preparations Determined by Moving Boundary Method 
Molar of adenosinephophates 
Sample No. 
ATP ADP AMP 
C-Z-1 Ba salt* 82 18 0 
C-8-1 Free acid* 15 l 
C82 47 35 18 
C83 — 79 19 2 
C-B-1 Ba salt* | 19 0 
C-R-1b 15 2 
C-R-2 Na * § s! 19 0 
C-A-2 76 21 3 
C-A3 7 a3 10 
C-P4 79 18 3 
C-P5 3 0 
W-K.-1 o7 3 0 
W-K2 = 95 4 


* A trace of adenosine was also observed. 

t An unidentified anionic component of mobility slightly greater than ATP gave 
7 per cent of the total area. 

t Component described for Sample C-R-1 gave 12 per cent of the total area. 

§ Component described for Sample C-R-1 and several other unidentified com- 
ponents were evident. 


were added 5.00 ml. of concentrated stock buffer (0.45 N in lactic acid and 
0.25 ~ in sodium hydroxide). The sample was then diluted to 13.5 ml. 
This solution was placed in a standard Tiselius cell and the top solution 
used was a buffer solution prepared by diluting 400 ml. of the concentrated 
stock buffer to 1 liter. 

Fifteen mixtures of known composition were analyzed in this manner, 
and some of the schlieren patterns are shown in Fig. 2. The compositions 
of these mixtures were calculated from the concentrations and volumes of 


zn 
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ATP, ADP, and AMP stock solutions used, assuming, as a first approxima- 
tion, that the apparent analysis (Table 1) gave the composition in mole 
per cent since the amount of impurity was very small. The compositions 
of the fifteen mixtures, expressed in mole per cent, were plotted against the 
apparent analysis for ATP, ADP, and AMP (Fig. 3). It is evident from 
these graphs that a second approximation of the stock sample composition 
is not necessary. 


DISCUSSION 


It is evident from Fig. 3 that the apparent analysis of adenosinephos- 
phates in the 0.1 ~ sodium lactate buffer of pH 3.7 is proportional to the 


Fic. 4. Schlieren patterns showing impurities which appear in some nucleotide 
and nucleoside samples. (A) ATP preparation containing an unidentified com- 
ponent with a mobility greater than ATP; (8) ATP preparation containing six 
components; (C) commercial guanylic acid preparation containing three compo- 
nents. The boundary marked 4 in each pattern is the concentration boundary and 
is not to be counted as a component. 


molar composition of the samples. If the apparent analysis is plotted 
against weight composition of the sodium salts of the nucleotides, consider- 
able deviation from direct proportionality is found. A large number of 
samples of adenosinetriphosphate were examined by this technique and 
typical results are reported in Table Il. These samples had been stored 
from the time of receipt at —10° over POs. Experiments conducted on 
the barium salt, sodium salt, and free acid of ATP indicate that less than 
1 per cent of the ATP decomposes in 6 months storage under these condi- 
tions. Samples W-K-1, W-K-2, and W-K-4 were prepared by ion exchange 
fractionation (7). Samples denoted by “C” are commercially prepared 
materials. Sample C-B-1 was described as 100.5 per cent Ba,ATP-4H,O 
on the basis of phosphorus, adenine, and pentose analyses and the hexo- 
kinase plus myokinase transphosphorylation reaction. Sample C-R-1 was 
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described as “at least 95 per cent Na,ATP-3H,O.” Samples C-S-1 and 
C-S-2 were accompanied by phosphorus and nitrogen analyses which would 
indicate purity of 95 per cent and 83 per cent ATP, respectively, if ADP 
were assumed to be the only significant impurity. Sample C-R-Ib is 
Sample C-R-1 after reprecipitation by the method of LePage (6). All 
samples obtained from source “R” contained a component which moved 
with a mobility about 10 per cent greater than ATP at pH 3.7. Schlieren 
patterns showing this component and other unidentified impurities are 
presented in Fig. 4. 


The application of the moving boundary method to the analysis of sub- 
stances of low molecular weight has been described. This method is useful 
in identifying the components in a complex mixture of weak acids or bases. 
The moving boundary method involves a gentle treatment of unstable 
substances, since the entire experiment is carried out at 1-2°. The op- 
timal conditions for the resolution of the adenosinephosphates have been 
determined and the method has been standardized so that the composition 
of a mixture may be determined from the areas in the schlieren pattern 
by use of a calibration graph. 
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HEMOGLOBIN, ANHYDROHEMOGLOBIN, 
AND OXYHEMOGLOBIN* 


Br FELIX HAUROWITZ 
(From the Department of Chemistry, Indiana University, Bloomington, Indiana) 


(Received for publication, January 15, 1951) 


When wet layers of reduced hemoglobin are exposed to low water vapor 
pressures, the broad absorption band in the visible range of the spectrum 
is replaced by two narrow bands of a typical hemochromogen spectrum 
(1-3). If the water vapor pressure is raised again, the hemoglobin spec- 
trum reappears. The absorption spectrum of oxyhemoglobin, in contrast 
to that of hemoglobin, does not undergo any change when the pressure is 
lowered (2,3). From these observations it was concluded that (a) hemo- 
globin is an aquo compound, Hb-H,0O, in which | molecule of water re- 
places the oxygen molecule of oryhemoglobin, Hb-O,, that (6) hemoglobin 
at low water vapor pressures loses the iron-bound water molecule and is 
converted into anhydrohemoglobin, Hb, and that (c) the equilibrium be- 
tween hemoglobin and oxyhemoglobin in an aqueous solution is repre- 
sented by reaction (I) 

Hb-O; + HO = Hb-H.O + O, 
. and not by the classical reaction (II). 
‘ol. (Il) Hb-O, == Hb + O; 


While the kinetic and thermodynamic constants of this reaction have been 
, determined by Hartridge and Roughton (4) and by Roughton et al. (5), 
the purpose of the present investigation has been to examine the com- 
rie bination of anhydrohemoglobin with oxygen and water, and to clarify 
the rile of the simpler reactions (II), Hb-O, —- Hb + O,, (IID, Hb + H,O 
— Hb-H,O, in the over-all reaction (1). 


. EXPERIMENTAL 


Spectrophotometry of Anhydrohemoglobin—Washed beef erythrocytes 
were hemolyzed by dialysis against water at 0°. The stroma was ad- 
sorbed to alumina gel and removed by centrifugation. The supernatant 
solution was concentrated in vacuo at room temperature over KOH; its pH 
was 7.1, its oxyhemoglobin content 28 per cent. The 8 mm. <X 75 mm. 

* This investigation was supported in part by a research grant from the National 
Institutes of Health, United States Public Health Service. A preliminary report 
was presented before the annual meeting of the American Society of Biological 
Chemists at Atlantic City, April, 1980 (1). 
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surface of a rectangular glass slide, G (Fig. |), was coated with 0.025 ml. 
of the oxyhemoglobin solution and was placed into the horizontally fixed 


tube 7. The small tube C, containing dry calcium chloride and glass 


wool, was then introduced into T. An adapter, A, was connected with 
T by a rubber tube R. The tube T was evacuated by a Hyvae pump at- 


-Ocm 


B---F-§-4-> 


Fic. 1. Tube for the measurement of absorption curves of dry layers of hemo- 
globin derivatives. 


tached at V. As soon as the bright red color of oxyhemoglobin was re- 
placed by the purplish color of hemoglobin, the stop-cock S was closed. 
In the evacuated tube, water slowly distilled at room temperature from 
the hemoglobin layer, Hb, into C. After several minutes the purplish 
color of the hemoglobin layer changed to an intense pink; simultaneously 
the broad absorption band of hemoglobin was replaced by the two narrow 
bands of anhydrohemoglobin. The evacuated tube was next detached 
from the vacuum tubing at V and was placed vertically into the cell holder 


of a Beckman spectrophotometer, so that the plane of G was perpendicular 
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to the direction of the light beam B. The absorption values found were 
corrected by deducting those of T and G determined in a blank experi- 
ment. After the spectrophotometric measurement, air was admitted by 
opening S, A and C were removed, and the dry protein layer was dissolved 
by filling T with 10 ml. of 0.05 per cent sodium carbonate solution. The 
abeorption spectrum of the oxyhemoglobin solution obtained was meas- 
ured after removing G. The solution was then reduced by a trace of solid 
sxlium dithionite, NagSO,, and the absorption spectrum of the reduced 
hemoglobin was measured. 

The Gite, daw Ont 
in the presence of air is converted into oxyhemoglobin and that hemo- 


600 550 mm 


Fia. 2. The solid line is the absorption curve of dry anhydrohemoglobin ia vacuo, 
the broken line that of its aqueous solution containing oxyhemoglobin, the dotted 
lime that of the same solution after the addition of dithionite (hemoglobin spectrum ). 


globin is formed on the further addition of dithionite. There is no evi- 
dence for the presence of denatured hemoglobin (globin hemochromogen) 
in the reduced solution. Rat and rabbit hemoglobin gave the same re- 
sults as beef hemoglobin. 

Spectrophotometry of Dry Oxyhemoglobin at Reduced Pressure—It was 
necessary to dry oxyhemoglobin solutions very rapidly in order to prevent 
extensive conversion into methemoglobin. The glass slide G (Fig. 1) was 
coated with a layer of the concentrated oxyhemoglobin solution on its 
lower surface and was placed horizontally over the rim of a Petri dish 
containing phosphorus pentoxide. Drying was accelerated by placing the 
dish in a vacuum desiccator and lowering the pressure to 80 to 120 mm. 
of Hg. Lower pressure was avoided because it led to deoxygenation. 
The dried slide was rapidly transferred into the tube T (Fig. 1), exposed 
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to a high vacuum (p = 0.3 mm. of Hg), and the absorption spectrum 
measured. The dry Hb-O, was then dissolved as described above, and a 
second reading made. 


Fia. 3. The solid line is the absorption curve of dry oxyhemoglobin in vacuo, 
the broken line that of its aqueous solution in the presence of air. 


S| S2 


Fic. 4. Apparatus for the measurement of transition points in the hemoglobin- 
anhydrohemoglobin system. 


The curves (Fig. 3) show clearly that the absorption maxima of dry 
Hb-O: are similar to those of the oxyhemoglobin solution and quite dif- 
ferent from those of anhydrohemoglobin. The maximum at 625 my in- 
dicates that a small amount of methemoglobin had been formed in spite 
of the precautions observed. 
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Hemoglobin-Anhydrohemoglobin Equilibrium at Different Temperatures— 
About 0.1 ml. of a 20 per cent oxyhemoglobin solution was placed in 
the left part, Hb, of the double U-tube shown in Fig. 4. The right part, 
W, contained 0.5 ml. of water. The apparatus was filled with nitrogen 
gas through S,, and the nitrogen was removed through S; by evacuation 
until the pressure dropped to 0.5 mm. of Hg. The filling with nitrogen 
followed by evacuation was repeated ten times. After the last evacuation, 
S, and S, were closed while S; was connected to a McLeod manometer 
gage. The left beaker, L, was next filled with water of a desired tempera- 
ture, while the right beaker, R, was kept at a lower temperature, so that 
water slowly distilled from Hb into W. As soon as the hemoglobin solu- 


-20 
-25 
33 34 35 36 


—— 1000/T 
Fic. 5. Transition points in the hemoglobin-anhydrohemoglobin system. The 
water vapor pressure, p,, is measured in atmospheres. Different symbols are used 
for different hemoglobin preparations. 


tion became viscous, it was spread over the glass wall of the left U-tube 
by gently tapping the tube. A light source was placed behind L and a 
spectroscope in front of it. At a definite moment the two narrow bands 
of anhydrohemoglobin became visible. This point was considered as the 
transition point in the conversion of hemoglobin into anhydrohemoglobin. 
The pressure at this point, pw, was measured by the McLeod gage. The 
corresponding temperature, 7 (Fig. 5), was that of the water in L. By 
raising or lowering the temperature of the water in R, the water vapor 
pressure, pw, could be raised or lowered and the reaction Hb + H,O = 
Hb-H,O repeatedly shifted to the left or right. Since the two narrow 
absorption bands of anhydrohemoglobin are much more visible than the 
broad absorption band of hemoglobin, the transition points recorded in 
Fig. 5 were determined by measuring the reaction hemoglobin — anhydro- 
hemoglobin. Examination of the reverse reaction gave similar, although 
less precise, values. 
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Hydration of Native and Denatured Oxyhemoglobin—\ ml. of a 20 per 
cent solution of oxyhemoglobin was placed into a flat weighing bottle and 
dried over phosphorus pentoxide at ~1 mm. of Hg pressure. The dry 
preparation was weighed and placed into another desiccator containing 
sulfuric acid; its temperature was kept at 24 + 1°. The water vapor 
pressure, pw, in the desiccator was increased by adding water to the sul- 
furic acid (6). After exposing the protein to constant water vapor pres- 
sure for 24 hours, pw was determined by measuring the density of the 
sulfuric acid; at the same time the water content of the protein was deter- 
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RELATIVE HUMIDITY (%) 
Fic. 6. Water content of native (solid symbol) and heat-treated (open symbol) 
oxyhemoglobin at 24° and different relative humidities. The water vapor pres- 
sure was first lowered (upper curve), then raised (lower curve). 


mined gravimetrically. Since 24 hours are not sufficient for complete 
equilibration, two different curves were obtained when pw was attained 
by lowering or raising the pressure, as shown by the arrows in Fig. 6. The 
water content of oxyhemoglobin which had been denatured by keeping 
an aqueous solution at 95° for 2 minutes is also shown in Fig. 6. It is 
remarkable that the extent of hydration is not changed noticeably by 
denaturation. 
DISCUSSION 

Since anhydrohemoglobin is stable only in solid layers at low water 
vapor pressure, its absorption spectrum cannot be examined in the dis- 
solved state. The spectrophotometric analysis of layers of anhydrohemo- 
globin indicates that the absorption spectrum (Fig. 2) is a typical 
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hemochromogen spectrum displaying a narrow intense absorption band 
at 559 my and a less intense band at 530 mag. 

The transition points of the system hemoglobin-anhydrohemoglobin de- 
pend on the water vapor pressure, pw, and on the temperature as shown 
by Fig. 5, where log pw is plotted against 1000/T. The total water con- 
tent of oxyhemoglobin at ¢ = 24° and different water vapor pressures is 
shown in Fig. 6. The shape of the curves is the same as that of the curves 
obtained when other proteins were investigated in the same manner by 
Bull (6). 

There is no doubt that most of the water of hydration is bound by the 
protein moiety. Consequently, the water content of hemoglobin and 
anhydrohemoglobin cannot differ considerably from that of oxyhemo- 
globin exposed to the same water vapor pressure. According to Fig. 5, 
the conversion of hemoglobin into anhydrohemoglobin occurs when pw 
is lowered to 0.016 atmosphere (log pw = —1.8) at 24°. At the same 
temperature and humidity, the water content of the protein is 10.8 + 
0.2 per cent or 115 + 2 water molecules per subunit of the molecular 
weight, 17,000 (Fig. 6). 

While raising or lowering pw causes extensive changes in total hydration 
(Fig. 6), the spectral change occurs within a very narrow range of pw; 
it involves certainly less than 4 to 5 water molecules and is reconcilable 
with the assumption that each iron atom combines with a single water 


The manometric method used is not precise enough to decide whether 
or not the hydration of 1 iron atom affects the hydration of the other 3 
iron atoms of the same hemoglobin molecule. By neglecting this pos- 
sible complication, and assuming that each iron atom combines with | 
of water, the equilibrium between hemoglobin and anhydro- 
oglobin is represented by Hb + H,O = Hb-H,0. Accordingly, the 
ilibrium constant is K = [Hb-H,O]/(H,O][Hb]. Since Hb and 
-H,O are present as solid phases, the constant depends only on pw 
an is K = 1/pw. The corresponding free energy change is AF = —RT 
In (1/pw) = RT In (pw) = 4.57 T log (pw). The AF values calculated 
from Fig. 5 vary from —2.3 kilocalorie per mole at T = 301 °K., to —3.3 
kilocalorie per mole at T = 282 °K. The slope of the straight line (Fig. 
5) is equal to the heat of combination of the iron atom with a water mole- 
cule; the value obtained is AH = —15.4 kilocalorie per mole. 

The thermodynamic constants for the dissociation of dry oxyhemo- 
globin, Hb-O, —> Hb + O:, cannot be determined experimentally because 
no dissociation is observed, even at very low oxygen pressures (Fig. 3). 
An approximate estimation of AH can be made by adding AH values for 


molecule. 
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Reactions A to F, where g, /, 8, and ag stand for gaseous, iqual, solid, and 


aqueous, respectively. ‘ 
mole) 
Hb-O,(ag) + H,O(l) = Hb-H,O(ag) + . 9.4 
Hb-H,0(s) = Hb(s) + H,0(g) 15.4 
H,0(g) = H,O(l) —10.7 
O:(aq) = O:(g) 3.8 
Hb-O,(s) = Hb-O;(aq) 
Hb-H;0(aq) = Hb-H,0(s) 
Hb-O,(s) = Hb(s) + O2(g) 17.9 


(G) 


The AH value in Reaction A is that found by Roughton et al. (5), that * 
for Reaction B is taken from Fig. 5, while those for Reactions C and D 
are taken from the International Critical Tables. The heats of solution 
of hemoglobin and oxyhemoglobin are unknown; however, they are most 
likely of the same magnitude, so that the values cancel each other and can 
be omitted without affecting the final result. In view of these simplifying 
assumptions, the summation of Reactions A to F cannot give more than 
an approximate value for the heat of Reaction G. However, it is clear 
that the dissociation of dry oxyhemoglobin (Reaction G) requires more 
energy than the dissociation of oxyhemoglobin in the presence of water 
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/ 


(Reaction A). 
The reaction Hb-O.(ag) + H,O(J) = Hb-H:O(ag) + O.(aq) leads 


to the same end-products as the successive reactions Hb-O;(ag) —> Hb(aq) 
+ 0O,(ag), and Hb(ag) + H;O0(/) Hb-H,O(ag). The question arises, 


2=> =: 


E, 


therefore, whether the conversion of oxyhemoglobin into hemoglobin in | Th 
aqueous solution is a two-phase reaction involving the intermediary forma- | Y 
tion of anhydrohemoglobin. 

The presence of intermediates in the oxygenation of hemoglobin and | 
in the reverse reaction is indicated by the fact that the heat of dissociation | °° 
of oxyhemoglobin (9.4 kilocalories) deviaths widely from E,; — E,, where | for! 


E;, the activation energy of the forward 
E,, the activation energy of the reverse reaction, is close to zero (4, 7). 


ion, is 25 kilocalories, while 


Eley (7) has concluded from this discrepancy that oxygenation and de- I. 
oxygenation must proceed through different activated complexes. While hem 
it is difficult to formulate more than one activated intermediate for a | ‘™” 
reaction of the type, Hb + O, = Hb-O,, the formation of two or more —s 


intermediates becomes obvious when hemoglobin is formulated as an aquo 
compound, and when account is taken of the fact that oxyhemoglobin iss 
diamagnetic complex, while hemoglobin is paramagnetic (8). With the 2 

symbol Gb for globin, Py for a pyrrole nitrogen, a dash for an electron | “es 
pair in the diamagnetic complexes, and a colon for two of a larger number | "*™, | 
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of unpaired electrons in the paramagnetic complexes, oxyhemoglobin is 
represented by (GbPy,Fe—)O,, hemoglobin by (GbPy,Fe:)H,0O. The dis- 
sociation of oxyhemoglobin and hemoglobin leads to the unstable inter- 
mediates (GbPy,Fe—) and (GbPy,Fe:), respectively; other activated 
complexes such as (GbPy,Fe—)H,0 or (GbPy,Fe:)O, may be formed as 
intermediates. 

The hemochromogen-like absorption spectrum of anhydrohemoglobin 
indicates that it is a diamagnetic complex like all hemochromogens (8), 
and that all six coordinate positions are occupied by substituents. Since 
no other substituents than polar groups of godin are avalinnte, anhydro- 


hemoglobin is represented by (GbPy .Fe—) or (GbPy,.Fe—), where the 
sixth valence of the iron atom is bound to the globin moiety of the same 
or of an adjacent molecule respectively (3). The results of the thermo- 
dynamic, kinetic, and structural analysis are shown by the accompanying 
diagram. 


(GbPy,Fe—) (GbPyFe—) 
\o 
c 


(GbPy.Fe)H,0 = (GbPy.Fe: } 
(a) 


E, = 25 | 
SH = 94 
(GbPy,Fe—)0, | 
Oxyhemoglobin 


The diagram illustrates (1) that different intermediates are formed in 
oxygenation (c — d) and deoxygenation (a — b), (2) that deoxygenation 
requires a high activation energy (E£,) while oxygenation takes place with- 
out noticeable activation, and (3) that dry oxyhemoglobin cannot dis- 
sociate into oxygen and anhydrohemoglobin because water is indispensable 
for reaction (b). 


SUMMARY 


1. The absorption spectrum of anhydrohemoglobin (Hb), obtained from 
hemoglobin (Hb-H,O) at low water vapor pressure, was measured. The 
transition points of the system Hb =— Hb-H,O were determined. The 
thermodynamic constants for the combination of 1 molecule of water 
with the iron of Hb are AF (at 20°) = —2.6 kilocalorie per mole, AH = 
-15.4 kilocalorie per mole. 

2. The hydration of the globin moiety at different water vapor pres- 
sures was measured. At the transition point of the Hb — Hb-H,0 sys- 
tem, globin contains 10.8 + 0.2 per cent water (¢ = 24°). 
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3. Dry oxyhemoglobin does not give off oxygen at low pressures. The 
deoxygenation of dry oxyhemoglobin is a highly endothermic reaction 
(AH = 17.8 kilocalories per mole). 

4. The structure of anhydrohemoglobin and its mode of formation from 


hemoglobin are discussed. 
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CORRECTION 


(on page 644, line 17, Vol. 100, No. 2, June, 1951, read 6.3 wl. for 0.3 wml. 
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STUDIES ON THE METABOLISM OF p-AMINOBENZOIC ACID 
BY. MYCOBACTERIUM SMEGMATIS 


By N. H. SLOANE,* C. CRANE, anno R. L. MAYER 


(From the Division of Microbiology, Research Department, Ciba Pharmaceutical 
Products, Inc., Summit, New Jersey) 


(Received for publication, April 3, 1951) 


In previous communications Mayer (1) described the formation of a 
yellow pigment when acid-fast bacilli were grown in the presence of p- 
aminobenzoic acid (PABA). It was concluded that this pigment is a 
metabolite of PABA and, although its composition is unknown, the chemi- 
cal data obtained suggest that it is composed of or contains oxidation 
products of PABA. Cushing and Reid (2) also noted that a yellow pig- 
ment was produced by Neurospora from PABA. Further investigations 
on this problem have been concerned with the intermediary metabolism 
of PABA by Mycobacterium smegmatis. It is the purpose of this publica- 
tion to present data on (a) the formation of aniline from PABA and (b) 
the oxidation of aniline to p-aminopher ol by .. smegmatis. 


EXPERIMENTAL 


Culture—M. smegmatis (ATCC, No. 101) was grown in Long’s medium 
containing 0.01 per cent FeCl;-6H,O and 0.5 per cent MgSO,-7H,0 (ster- 
ile MgSO,-7H,0 solution was added afte: autoclaving the medium). Each 
250 ml. flask contained 50 ml. of medium inoculated with 2.5 mg. (wet 
weight) of a fine suspension of a 7 day pellicle growth. The inoculated 
flasks were placed on.a rotary type shaker and shaken for 6 days at 37°. 
After this time the average weight of washed dried cells was 0.60 gm. per 
50 ml. of medium. The cells in each flask were uveptically separated from 
the medium by centrifugation, washed twice with 40 ml. amounts of sterile 
saline, suspended in 50 ml. of sterile buffer-metals-citrate solution' con- 
taining either 50 mg. of sterile neutralized PABA solution or 25 mg. of 
aniline, and placed on the shaker at 37° for 24 to 48 hours (there is no 
increase in cell weight during the incubation in the buffer-metals-citrate 
solution). 

Identification of Aniline As Metabolite of PABA—Aniline was identified 
by the procedure described by Mueller and Miller (3). The aniline was 


* Present address, Lederle Laboratories Division, American Cyanamid Company’ 
Pearl River, New York. 

' The buffer-metals-citrate solution contained, in gm. per liter ammonium citrate 
5, MgSO,-711:0 5, FeSO,-7H.0 0.010, MnSO,-4H,0 0.020, Na,lPO, 4.73, KH,PO, 
4.73. 
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extracted from the alkaliz«1 (10 ml. of | ~ NaOll added to 50 ml. of the 


metabolized medium) buffer-metals-citrate-PABA solution with 3 to 15 


ml. portions of ethyl ether. The acidified ether solution (1 ml. of 1 x 
HCl added to 45 ml. of ether) was concentrated to near dryness and the 
free aniline was steam-distilled (after adjusting the solution to pH 12) 
into sodium-3-naphthoquinone sulfonate solution. By this procedure 92 
to 94 per cent of the aniline present was recovered. As shown in Fig. | 
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Fic. 1. Absorption curves of Schiff bases of aniline and steam-<distilled PABA 
metabolite. Solid line, FOI base in benzene: dash line, aniline Sehiff hase in 
benzene. 


ESE 


the benzene-soluble Schiff bases of both aniline and the PABA m ic) olite 
show an absorption maximum at 450 mag. 

Identification of p-Aminophenol As Metabolite of PABA— p-Aramophenol 
was identified through the indophenol blue reaction deseribed by Will- 
statter and Pfannenstiel (4). The amyl aleohol solutions of the indophenol 
blues produced with the metabolite and with twice recrystallized p-amino- 
phenol were compared by the filter paper chromatographic technique (5). 
The filter paper chromatograms with aqueous butyl aleohol, aqueous amy! 
alcohol, or aqueous ethyl acetate showed that both indophenol blues were 
identical (Fig. 2). Fig. 2 presents the chromatogram obtained with aque- 
ous butanol. Further proof of the identity of the indophenol blues is 
provided by the facts that (a) both the H.O.-oxidized PABA metabolite 
and H,O.-oxidized p-aminophenol yield a blue color upon reaction with 
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dimethylaniline in acid solution (4), and (6) the indophenol blue colors 
of both reactions turn red upon the addition of acids (4). 
In order to determine the concentration of p-aminophenol present in 


O 


Fic. 2. Filter paper chromatographic analysis of indophenol blues. 1, indopheno 
blue obtained from PABA metabolite; 2, indophenol blue obtained from p-amino- 
phenol; 3, mixture of 7 and 2. Chromatographed with butanol-IH,O for 30 minutes. 
The blue color of the indophenol blues fades upon prolonged chromatography. 


Taste I 
Formation of Aniline and p-Aminophenol from PABA by Mycobacterium smegmatis 


pH at start pH after 36 hes. p-Aminophen»! 


per 530 mi. 
Heated* washed cells suspended 5.0 5.0 0 0 
in buffer-metals-citrate + 50 5.9 5.9 0 0 
me. PABA 5.9 5.9 0 0 
Washed cells, suspended in 5.9 6.3t 32 335 
bufler-metals-citrate + 5.0 6.3 2h 355 
me. PABA 5.9 6.3 22 205 
Buffer-metals-citrate + 50 mg. 5.0 5.9 0 0 
PABA 5.9 5.9 0 0 
PO, buffer + 50 mg. 7.0 7.0 0 0 
PABA 7.0 7.0 0 0 


* Cells heated in saline for 1 hour at 100°. 
t The pl after 20 hours was 6.1. 


the medium, a standard indophenol blue curve was obtained and the color 
intensities of the unknowns compared with those of the standard. Twice 
recrystallized p-aminophenol (1 to 20 y) was allowed to react with 0.5 
mil. of liquid phenol and 5 ml. of | x NaOH. After | hour the volume was 
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adjusted to 10 ml. and the intensity of the indophenol blue solution de- 
termined by means of a Lumetron colorimeter with a 580 ma filter. 

Although only trace amounts of aniline were present in the metabolized 
buffer-citrate-metals medium, very considerable amounts of p-aminophenol 
were formed from the PABA, as shown in Table L. . 


Fic. 3. Metabolic formation of p-aminophenol from PABA 


Taste ll 
Oxidation of Aniline to p-Aminophenol by Mycobacterium emeqmatia Cells 


$0 ml. culture per 2% ml flask pet ml. alter 

Washed cells + buffer-metals-citrate + aniline, 0.5 mg. 16.6 

per mil. 21.0 
Heated washed cells* + buffer-metals-citrate + aniline, 0 
0.5 mg. per ml. ' 0 
Washed cells + buffer-metals-citrate 0 
| 0 


© Cells heated in saline for 1 hour at 100°. 


Tasce Il 
Recovery of Aniline after Oxidation As Unchanged Aniline and p-Aminophenol 


Aminophene! Per cont 
mil. in 25 mil. pee a — per of 
m 


aniline 
Washed cells in buffer-metals- Pal) 


citrate + aniline ist Pol) 


Oxidation of Aniline to p-Aminophenol by Mycobacterium smeqgmatis—The 
ability of the organism to oxidize aniline directly to p-aminophenol sug- 
gests that the pathway for the formation of p-aminophenol from PABA 
involves a decarboxylation with subsequent hydroxylation. This sequence 
of reactions is shown in Fig. 3. Under the conditions of these experiments, 
(Table IL) approximately 5 per cent of aniline is converted to the oxidation 
product; the total recovery of unchanged aniline and p-aminophenol is of 
the order of 90 per cent (Table I1]). These results indicate that the de- 
carboxylation of PABA is the limiting step in the formation of p-amino- 
phenol from PABA. 
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HOURS 
Fic. 4. Rate of formation of p-aminophenol from aniline by MW. smegmatis 


Taste IV 
Rate of Aniline Oxidation by Mycobacterium smegmatis Cells under Conditions of 


| p-Aminophenol per ml. after 
28 mi. culture per 28 mi. flask 
the. | | Shes 6 brs. hes. 
Flasks Aand B. Washed,Sday-| 0 is 
old cells suspended in 25 mi. 0 ® | 
buffer-citrate-metals + 10 mg. 
aniline 
Flasks Cand D. Washed PABA. 5.4 28.6 
adapted cells suspended in 25 | | 
ml. buffer-citrate-metals + 10 | | | | 
mg. aniline ' | 
Flasks Eand F. Washedaniline- 1.5 4.5 31.8 
adapted cells suspended in 25 4.7 | 31.8 
ml. buffer-citrate-metals + 10 | 
mg. aniline 


The “adapted celle” in Flasks C, D, b, and F were prepared by suspending 4 
day-old washed celle in 25 ml. of citrate-buffer-metals solution containing either 
BS me. of PABA or 10 mg. of aniline and shaking vigorously for 24 hours at 37°. 
These celle showed the synthesis of considerable amounts of p-aminophenol after 
the 24 hour “adaptation” period. The cells were rewashed and resuspended in the 
medium as described above. 
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The rate of oxidation of aniline to p-aminophenol (Fig. 4) shows a long 
preoxidative lag phase before aniline is attacked. Although the reason 
for this lag period is unknown, it cannot be correlated with the formation 
of adaptive enzymes, for cells grown in the presence of aniline and PABA 
also show the long preoxidative lag period. Furthermore, the latter cells 
do not show an oxidative attack of PABA during 2 hour runs in the War- 
burg apparatus. The preoxidative lag period can be shortened a consider- 
able degree by shaking 25 ml. volumes of cells and buffer-citrate-metals 
solution 90 to 100 times per minute with a 2 to 3 inch stroke (vigorous 
aeration). Under these conditions the cell« still show the preoxidative 
lag phase, and cells “adapted” -raewmna PABA or aniline oxidize the sub- 
strate (aniline) at the same rate 4s “unadapted” control cells. The results 
are presented in Table IV. ; 


DISCUSSION 


Bernheim (6) observed in his studies on the oxidative metabolism of 
Mycobacteria that oxidation of either aniline or PABA was not detected 
by the manometric technique. These observations have been confirmed; 
the slow rate of the oxidation and the long preoxidative lag phase are the 
reasons why oxygen uptake is not evident in the presence of these sub- 
stances, 

Evans (7) noted that a preoxidative latent period was evident in the 
oxidation of benzoic acid. The lag period was correlated with the for- 
mation of the mono- and dihydroxybenzene derivatives and did not appear 
to be related to the formation of adaptive enzymes. 

The hydroxylation of aniline to p-aminophenol is performed not only 
by the acid-fast bacterium but also by mammalian cells (8). Mdérner (9) 
isolated the ethereal sulfate and Williams (10) the glucuronide of p-amino- 
phenol from urine after aniline feeding. 


SUMMARY 


Washed Mycobacterium smegmatis cells are capable of forming p-amino- 
phenol from both aniline and PABA. 


BIBLIOGRAPHY 


1. Mayer, R. L., J. Bact., 4B, 93, 377 (1944); Nature, 163, 37 (1050). 

2. Cushing, J. E., and Reid, E. B., J. Bact., 66, S51 (1948). 

3. Mueller, G. C., and Miller, J. A., J. Biol, Chem., 180, 1125 (1949). 

4. Willstatter, R., and Pfannenstiel, A., Ber. chem. Gee, 37, 1605 (1904) 

5. Conaden, R., Gordon, A. H., and Martin, A. J. P., Biochem. J., 3B, 224 (1944) 
6. Bernheim, F., J. Biol. Chem., 143, 383 (1942). 

7. Evans, W. C., Biochem. J., 41, 373 (1947). 

8. Schmiedeberg, O., Arch. exp. Path. u. Pharmakel., 8, 1 (USTs). 

0. Morner, K. A. Z. physiol. Chem., 18, 341 (1889). 
10. Williams, R. T., Biochem. J., 37, 320 (1943). 


4) 


SYNTHESIS OF RADIOACTIVE FATTY ACIDS IN VIEERG AND 
ITS HORMONAL CONTROL* 


By ROSCOE O. BRADY, FRANCIS D. W. LUKENS, saxo SAMUEL GURIN 


(From the Department of Physiological Chemistey, Endocrine Section, Department of 
Medicine, and the George 8. Cox lnatitute, School of Medicine, University of 
Pennaylrania, Philadelphia, Pennsyleania) 


(Received for publication, July 11, 1951) 


Within the past 15 vears, an impressive amount of evidence has sup- 
ported the thesis that diabetes is associated with an imbalance between 
the production of insulin and the hormones secreted by the pituitary and 
adrenal glands (1, 2). It has become apparent that at least one focal 
point of antagonism of these hormones is upon the regulation of lipide 
metabolism. Drury (3) first called attention to the fact that there ap- 
peared to be an impaired conversion of carbohydrate to fat in experimental 
diabetes. Stetten and coworkers (4-6) found, with the aid of heavy 
water, that the normal conversion of 35 to 50 per cent of ingested carho- 
hydrate to fat was strikingly diminished in the diabetic animal. They 
alxo observed that the prior administration of insulin to the animal in- 
creased hepatic lipogenesis. Brady and Gurin (7, 8) reported that the 
conversion of C'\labeled acetate to fatty acids by surviving rat liver slices 
was significantly mereased by the addition of insulin to the ineubating 
medium. Although this biosynthesis of fatty acids was markedly im- 
paired in liver slices obtained from diabetic animals, the defect was not 
remedied by the addition of insulin to the incubating medium. Similar 
results have been obtained by Chaikoff and coworkers (0) who studied the 
conversion of C'\labeled ghicose to fat. 

In preliminary report, Brady, Lukens, and Gurin (10) demonstrated 
that the remeval of the hypaphysis ax well as the panereas was aceom- 
panied by a restoration of hepatic lipogenesis to a normal rate, in contrast 
with the depression caused by pancreatectomy alone. It is the purpose 
of this communication to report the general effects of the secretions from 
the pituitary, adrenal, and panereas on fatty acid synthesis, and to demon- 
strate the influence of purified growth hormone, 17-hydroxy-1l-dehwdro- 
corticosterone Ceortisone), and insulin upen these biosynthetic processes, 


* Nided by grants from the American Cancer Society administered by the Com- 
mittee on Growth of the National Research Council, and from the National Insti. 
tute of Health, United States Publie Health Service. The radionetive compounds 
were obtained on allocation from the United States Atomic nergy Commission 
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EAPELEIMENTAL 


Complete details of the experimental procedures have been reported 
clewhere (7, 8). Essentially 2.5 gm. of slices of liver tiesue from rats or 
eats were in lange Warburg vessels of 125 ml. capacity contain. 
15 ml of Nrebs-Ringer bicarbonate solution. The substrate was 
(-lnbeled acetate at a final concentration of The slices were 
for 3.5 hours at 38.57 in an atmosphere of cent per 
cent The tissues were then saponified gud the long chain fatty 
freed trom contaminating substrate. The sepamtion a= well the 
urement of the lias been deserthed (7 


bec wults 


Experiments tot (Table 1) show the degree of ieorpertion of medic 
netive into long chain fatty acids when meuhated with slices of 
liver tissue obtained from normal cats. Although tasting for 4S hours 
prior to sverifice may produce a small inhibiting effect on lipagenesix (from 
acetate), we were unable to demonstrate any profound effeet.  Panerea- 
tectomy CExperiments 7 to produced a marked inhibition of lipogenesis, 
Which was alleviated by additional removal of the hypophysie (Exper. 
ments 10 to 16). [t is apparent, therefore, that hepatic lipogenesis may 
proceed in the simultaneous absence of the hormones of both the peanerens 
and the pituitary. 

Two of the Houssay animals (Experiments 17 and 18, Table 1) received 
puritied growth hormone (free of adrenocorticotropie hormone) for 3 days 
prior to sverifice. In these instances, the ability of the liver to swnthesize 
fatty acids from acetate was totally or nearly completely abolished. 

It was also observed (Experiments 19 to 23, Table I), with eats whieh 
were adrenalectomized as well as pancreatectomized, that considerable 
svnthe-i< occurred, although the livers varied somewhat in this respect. 
Although only a few animals were studied, the rate of incorporation of 
labeled acetate appeared to vary inversely with the quantity of fat in the 
liver. 

Liver slices trom normal rats given cortisone for 3 days prior to saeri- 
fice exhibited «a marked depression in the incorporation of labeled acetate 
into fatty acids when compared with litter mate controls (Table ID). 
Whereas the liver slices from the untreated controls incorporated from 23 
to 34 um of radioactive acetate per 100 mg. of recovered fatty acids, the 
corresponding values obtained with cortisone-treated animals were 6 to 
12 uM. 

That the pituitary elaborates a principle capable of inhibiting hepatic 
lipogenesis is supported by studies with two hypophysectomized rats. 
Liver slices obtained from these animals (Table ED) incorporated consider: 
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sity more medionetive acetate inte fattw acids than did the liver slices 


from the control groupe of the sex and age. 


of Acetate te Lana Chain Patty Acida bu Slices of Cat Liver 
ate tue! ovetedd radioactivity 
acetate 
iv @ Of 
3 «hain 
Pa acids 
2 0.7 
os 0.2 
hi (43 4 om 
+ 
3 0.6 
\elren sleetomized. 7.009 — 6 2.4 
pomereatectomized (ate + Is ine 2.7 
» ee 10.000 — 4 10 
4 10 


* The figures in parentheses indicate the number of dave after operation 
The ineulin was added te the ineuwhating medium as indicated in final con- 


centration of | unit per ml, 


Fasted 48 hours prior to seerifiee 


Growth hormene administered 3.0 mg. per day for 3 days prior 


te soerihee. 


§ Desexyveorticosterone acetate administered subcutaneously, 5.0 mg. per day 


following adrenalectomy 


These livers, in contrast with the others of this group, contained an unusually 


lorge ty of fat. 
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Taste Il 


Effect of Injected Cortisone or Hypophysectomy on Conversion of Labeled Acetate to 
Fatty Acids by Rat Liver Slices 


ow substrate 
Experiment No. Treatment Days Insulin® 
acids 
1 Normal 34 
Cortisone 10 mg. 3 
2 Normal ~ 2s 
Cortisone 10 mg. 4 -- 10 
3 Normal - 31 
Cortisone 20 mg. 3 ~ 6 
4 Normal - 23 
Cortisone 5 mg. 3 ~ 12 
5t | Normal - 14 
+ 
Hypophysectomized - 39 
+ 
6t Normal 
+ 12 
Hypophysectomized 31 


* See foot-note to Table I. The cortisone was administered subcutaneously. 
t In these experiments rats of the Sprague-Dawley strain were used. In all 
others, rats of the Wistar strain were employed. 


Tasie Ill 


Effect of Insulin and Purified Growth Hormone on Conversion of CHC OONG to Fatty 
Acids by Rat Liver Slices in Vitro 


Growth hormonct per acetate incorporate! 
flash 


Experiment No. Insulin® per flask per 1°) mag. recovered 
tatty acids 
me me. 
1 2 
l 
2 
l 
2 3s 
] 2 42 
3 24 
2 2 28 
2 4 


In each experiment aliquots of pooled slices were emploved. 

* Electrophoretically homogeneous insulin supplied by Sharp and Dohme, Ine. 

t Lot 12PKR3 supplied by the Armour Laboratories. In each case, the tissues 
were incubated with growth hormone for 2 minutes prior to addition of insulin. 
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The addition of growth hormone to the incubating medium does not 
depress fatty acid synthesis by liver slices obtained from normal rats 
(Table III). However, if the liver slices are incubated with growth hor- 
mone for 2 minutes prior to the addition of insulin, the stimulating effect 
of the insulin is largely abolished. 


DISCUSSION 


Although hepatic fatty acid synthesis can evidently proceed at some- 
thing like a normal rate in the simultaneous absence of the hormones of 
the pancreas and pituitary, it is apparent that this biosynthetic process 
is under definite hormonal control in the intact animal. Purified growth 
hormone and cortisone both act as inhibitors, whereas insulin exerts an 
accelerating effect upon this process. 

These observations are in accord with the results obtained by Welt and 
Wilhelmi (11) who have reported that both adrenocorticotropic hormone 
and growth hormone decreased the incorporation of deuterium into fatty 
acids in vivo. Adrenalectomy, on the other hand, produced an increased 
incorporation. It is not surprising, therefore, that hypophysectomy is 
accompanied by an accelerated rate of fatty acid synthesis in liver slices, 
since both pituitary inhibitors have thereby been removed. 


The authors wish to acknowledge the technical assistance of Miss Jessie 
Van Baalen. 


SUMMARY 


The incorporation of C-labeled acetate by liver slices into long chain 
fatty acids has been investigated further. Whereas pancreatectomy in- 
hibits this process, hypophysectomy produces a stimulating effect. He- 
patic lipogenesis occurs at a normal rate in slices obtained from depancrea- 
tized-hypophysectomized cats and at a considerable though variable rate 
in depancreatized-adrenalectomized animals. 

Injection of purified growth hormone into Houssay cats results in a 
profound inhibition of fatty acid synthesis by liver slices. Similar results 
have been obtained by injection of cortisone into normal rats. 

It has been concluded that in the intact animal insulin exerts a stimu- 
lating action on hepatic lipogenesis, whereas growth hormone and corti- 
sone have an antagonistic action. 
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INCORPORATION OF SHORT CHAIN FATTY ACIDS 
INTO PHOSPHOLIPIDES BY THE RAT* 


By B. P. STEVENS? ano L. CHAINOFF 


(Prom the Division of Physiology of the University of California School of Medicine, 
Berkeley, California) 


(Received for publication, February 17, 1951) 


In feeding experiments with coconut oil, Sinclair (1-4) showed that 
diet can modify the fatty acid composition of tissue phospholipides. It 
is impossible to determine from his experiments, however, whether the 
short chain fatty acids of this oil had been incorporated directly into 
phospholipide molecules or whether incorporation occurred after their 
elongation. Recently Lévy reported that the feeding of triglycerides con- 
taining Cy, Cy, and Cy fatty acids does not result in the appearance of 
these acids in liver phospholipides (5). Indeed, according to available 
analyses, tissue phospholipides contain fatty acids that are predominantly 
16 carbons or more in chain length (6). Such a preponderance of longer 
chain acids could result from (1) an inability of tissues to incorporate 
short chain fatty acids into phospholipide molecules, (2) the rapid con- 
version of short to long chain fatty acids, or (3) merely the lack of dietary 
short chain acids for incorporation. To distinguish among these three 
possibilities, we investigated the rat’s ability to incorporate administered 
shorter chain length fatty acids into phospholipide molecules. The prob- 
lem was approached in two ways. In the first, C™-labeled laurie and 
myristic acids were used. In the second, rats were fed, for several weeks, 
a diet containing either glycerylmonomyristate or coconut oil as the sole 
source of fat. The results show that the phospholipide molecule ix flexible 
in regard to the chain length of its component fatty acids. 


EXPERIMENTAL 


Syntheses of Radioactive Fatty Acids—The syntheses of myristic acid- 
1-C™ and laurie acid-1-C™ were carried out by carbonation of the corres- 
ponding Grignard reagents by the general method described by Dauben, 
Reid, and Yankwich (7). 

Administration of Labeled Fatty Acids —10 mg. of each of the labeled, 
free fatty acids were dissolved in 0.5 ce. of corn oil. The solution was 
brouglit to body temperature and administered by stomach tube to adult, 

* Aided by a grant from the American Cancer Society as recommended by the 


Committee on Growth of the National Research Council. 
t Fellow of the Atomie Energy Commission. 
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female rats of the Long-Evans strain whose weights ranged from 224 to 
235 gm. 

Feeding of Non-Radioactive Diets—Two groups of forty young rats each 
(average weight 130 gm.) of the Long-Evans strain were fed, for 3 weeks, 
diets which contained 5 per cent Cowgill’s salt mixture (8) and 5 per cent 
yeast, together with (Group I) 30 per cent casein, 5 per cent Cellu flour, 
and 55 per cent glycerylmonomyristate, or (Group LL) 25 per cent casein, 
17 per cent Cellu flour, and 48 per cent coconut oil. Both diets were fed 
ad libitum, and were supplemented by 1 drop of fish oil per 10 gm. of diet. 
A third control group (thirty animals) of similar weight and age received a 
stock diet that had the following composition: ground whole wheat, 68.5 
per cent; casein, technical (22 to 30 mesh), 5 per cent; fish oil, 5 per cent; 
alfalfa leaf meal, 10 per cent; fish meal, 10 per cent; and NaCl, 1.5 per 
cent. 

Lipide Analysis —In the experiments involving radioactive acids, the 
animals were sacrificed 8 hours after the administration of the labeled 
fatty acid, and the entire carcass, except the stomach and large and small 
intestines, was thoroughly minced in a meat grinder. The ground tissues 
were extracted three times, each time with 300 ec. of ethyl alcohol, at 60°, 
for 2 hours. The alcoholic extracts were concentrated under a vacuum, 
at 60°, in a CO, atmosphere. The tissue residues were washed once with 
ethyl ether and allowed to stand in ether overnight; they were next ex- 
tracted continuously with ethyl ether for 24 hours in a large Soxhlet ap- 
paratus. The cooled ether extract was added to the above alcoholic 
concentrate and concentrated under a vacuum, at 60°, in a CO, atmos- 
phere to a volume of approximately 25 cc. The concentrate was trans- 
ferred with ethyl ether to a 1 liter Erlenmever flask, and the small aqueous 
phase was then extracted six times with 100 to 150 ce. portions of ethyl 
ether. The ether extracts were concentrated to a small volume on the 
steam bath and transferred with ethyl ether to a 250 cc. centrifuge tube. 
Concentration to a small volume was continued in the centrifuge tube, 
with an indented stirring rod to prevent bumping. About 100 ce. of fresh 
acetone were added to the centrifuge tube, and the phospholipides were 
precipitated by the addition of a few drops of a saturated solution 
of MgCl, in absolute ethyl aleohol. The subsequent separation of phos- 
pholipide and non-phospholipide fractions, their saponification, and the 
extraction of their fatty acids were carried out according to the procedure 
of Goldman ef al. (9). 

In the experiment with non-radioactive diets, the livers obtained from 
the rats of each group were combined and minced in 95 per cent ethy! 


! According to Hilditeh (6), coconut oil contains 45 to 50 per cent laurie seid, 7 
to 18 per cent myristic acid, and 7 to 10 per cent palmitic acid. 
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alcohol for about 30 seconds in a Waring blendor. Extraction of liver 
lipides, their separation into phospholipide and non-phospholipide frac- 
tions, and saponification of each fraction were carried out according to 
the procedure described by Goldman et al. (9). 

Preparation of Fatty Acids for Distillation—The above fatty acid frac- 
tions were dissolved in ethanol and hydrogenated over platinum oxide. 
The catalyst was removed by filtration, the ethanol removed by evapora- 
tion on the steam bath, and the residue dissolved in excess methanol. 
Conversion of the mixed fatty acids to the methyl esters was effected by 
refluxing the methanolic solution for 4 hours in the presence of concen- 
trated sulfuric acid as catalyst. Water was added to the reaction mix- 
ture, and most of the methanol was removed by evaporation. The esters 
were extracted from the aqueous solution with petroleum ether, and the 
ethereal solution was washed with 5 per cent NaHCO, solution, with 
water, and, finally, with a saturated NaCl solution. 

Before distillation, an aliquot of each radioactive, mixed fatty acid 
methyl ester sample obtained in experiments in which labeled acids were 
administered was analyzed to determine its C™ activity. A weighed quan- 
tity of non-radioactive methyl laurate or methyl myristate was added as 
a carrier, increasing the weight of these fractions sufficiently to allow sub- 
sequent isolation and crystallization of the corresponding acids. 

Amplified Distillation of Fatty Acid Methyl Esters—The methyl ester 
samples were fractionally distilled according to the procedure of Weit- 
kamp, with Eureka white oil as the carrier (10). A column with packing, 
as described by Mitchell and O’Gorman (11), was employed for the dis- 

The ester samples were diluted with 20 volumes of carrier oil and dis- 
tilled at 5 mm. pressure. The distillate was collected in 1 cc. fractions 
in calibrated test-tubes, each fraction requiring 30 to 40 minutes for dis- 
tillation. The temperatures of the head, column, and bath were recorded 
at the end of each fraction. Fractions distilling within a few degrees of 
the boiling point of the desired ester were combined. 

The free acids were isolated by heating the appropriate oil-diluted ester 
fraction of the distillate with alcoholic potassium hydroxide for 8 hours. 
At the end of that period, a small quantity of water was added, and most 
of the alcohol was allowed to evaporate. The carrier oil was removed by 
repeated washings with petroleum ether, and the resultant aqueous solu- 
tion was acidified to precipitate the free acid. The cooled acid was 
filtered and crystallized from alcohol-water. Each acid was recrystallized 
to a constant melting point before a known amount of the fatty acid was 
analyzed for C™ activity. 

The radioactivity of the labeled fatty acids and labeled methyl ester 
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samples was determined by the direct mount technique of Entenman et al. 
(12), corn oil being used as carrier. 

The samples of non-radioactive ester obtained in the second experiment 
were analyzed by an isotope dilution procedure. A weighed quantity of 
radioactive methyl myristate of known specific activity was added to 
each ester sample, and the combined esters were fractionally distilled. 
The free acids were isolated as described above. The purity of the iso- 
lated fatty acids was established by their melting points. The specific 
activities (counts per minute per mg. of fatty acid) were then determined. 
The quantity of this acid present in the original, non-radioactive sample 
was calculated from these specific activity values. 


Taste I 

Recovery of Fed Laurie Acid-1-C"* in Phospholipide and Non-Phospholipide Fractions 
Each rat received a single feeding, by stomach tube, of 10 mg. of laurie acid-1-C" 
(2.9 X 10* ¢.p.m.) in 0.5 ec. of corn oil, and was sacrificed 8 hours later. 


C™ recovered in fatty acids of 
Phospholipide fraction | Non-phospholipide fraction 
| “Per cent of total | Per cent of total 
Total _-12-Carbon acids c.p.m. found in Total 12-Carbon acids | c.p.m. found in 
| 12-carbon acids | 12-carbon acids 
| 
| | | | pm. 
22 108 | 0.6 xX 10° 3 7 
Results 


Single Feeding with C“-Labeled Lauric and Myristic Acids 

The recoveries of the C-labeled lauric and myristic acids in phospho- 
lipide fatty acids and the non-phospholipide fatty acid fractions of rat 
tissues, after administration of single doses of labeled fatty acids, are 
shown in Tables I and II. _ 

In the laurie acid-1-C™ experiment (Table I), about 3 per cent of the 
counts found in the phospholipide fatty acid fraction was present as 12- 
carbon fatty acids. About 7 per cent of the non-phospholipide fatty acid 
counts was also present as acids of this chain length. C™ activity was 
also found in acids of greater chain length. The 16-carbon fatty acids of 
phospholipides had a specific activity of 16 c.p.m. per mg.; the 18-carbon 
fatty acids, 10 c.p.m. per mg. 

After administration of myristic acid-1-C™ (Table II), about 19 per 
cent of the activity of the phospholipide fatty acids was found in 14-car- 
bon acids, while 7 per cent of the non-phospholipide fatty acid activity 
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was in acids of this same chain length. Again, palmitic and stearic acid 
samples isolated from the phospholipide fatty acids contained significant 
amounts of activity. The specific activity of the 16-carbon fatty acids 
was 15 c.p.m. per mg.; that of the 18-carbon fatty acids was 8 c.p.m. per 
mg. 

The distribution of the recovered C™ activity between fatty acids of 


Taste Il 
Recovery of Fed Myristic Acid-1-C* in Phospholipide and Non-Phospholipide 
Fractions 


Each rat received a single feeding, by stomach tube, of 10 mg. of myristic acid-1- 
C* (1.0 X 10* c.p.m.) in 0.5 cc. of corn oil, and was sacrificed 8 hours later. 


C* recovered in fatty acids of 
Phospholipide fraction Non-phospholipide fraction 
acids 14-carbon acids 
6.9m. 
16 X 10° 3 X 10° 19 140 < 10° 10 <X 10° 7 
III 
Distribution of Recovered Fatty Acid-C" between Fed Fatty Acids and Fatty Acids of 
Longer Chain Length 
8 hours after administration. 
Per cent of C™ recovered as fatty acids of 
_— Same chain length chain length 
| 
8.6 91.4 


the same chain length as those fed and fatty acids of chain length longer 
than those fed is shown in Table III. It is suprising to note that 8 hours 
after the administration of the labeled lauric and myristic acids, less than 
10 per cent of the recovered fatty acid-C™ was in fatty acids of the same 
chain length as those fed. Over 90 per cent of the recovered fatty acid-C™ 
was therefore located in 16- and 18-carbon fatty acids. 


Continuous Feeding of Unlabeled, Short Chain Fatty Acid-Containing Diets 
Rats were fed for 3 weeks diets in which the fat consisted only of short 
thain acids. These acids were incorporated into the phospholipides as 
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well as into the non-phospholipides of the liver (Table IV). In rats fed 
the diet containing glycerylmonomyristate, the 14-carbon acids of the 
liver phospholipides rose from 2 per cent (as found in the controls) to 7 
per cent, whereas the 14-carbon acids of the liver non-phospholipides rose 
from a control value of 2 per cent to 44 per cent. Similarly, the diet con- 
taining coconut oil increased the 14-carbon acids of the liver phospho- 
lipides to 5 per cent, and the 14-carbon acids of the non-phospholipides 
to 30 per cent. 


TaBLe IV 
Incorporation of Short Chain Fatty Acids into Phospholipide and Non-Phospholipide 
Fatty Acid Fractions of Rats Fed Diets Rich in Short Chain Fatty Acids 
Each diet was fed to a group of thirty or forty rats for 3 weeks. The livers of the 
rats of each group were combined for analysis. 


Per cent of total liver fatty acids found as 
14-carbon chain length fatty acids in 


Diet fed 
Non-phospholipide 
Glycerylmonomyristate as fat source*.......... 6.8 44 
Coconut oilf as fat source..................... 5.1 30 
1.7 2.4 


* 90 per cent pure. 
t Contains about 45 per cent lauric acid and 18 per cent myristic acid (6). 
t See the text for composition. 


DISCUSSION 


The predominance of 16- and 18-carbon fatty acids in tissue phospho- 
lipide (6) led us to question the existence of a mechanism for incorporating 
shorter chain fatty acids into phospholipide molecules. That rat tissues 
are not devoid of such a mechanism is demonstrated in the present in- 
vestigation. Thus, 8 hours after the introduction of 10 mg. of C-labeled 
myristic or lauric acids, labeled fatty acids of 14- and 12-carbon lengths, 
respectively, were recovered from a phospholipide fraction isolated from 
rats. Since only the carboxyl carbon of lauric and myristic acids had 
been labeled, it is likely that the labeled fatty acid recovered in the phos- 
pholipides was that introduced into the animals’ bodies. Further support 
for this view is provided by the experiments in which rats were fed, for 3 
weeks, diets rich in fats containing short chain fatty acids. The recent 
findings of Lévy (5), accordingly, have not been confirmed in the present 
study. 

The recovery of C™ activity in palmitic and stearic acids isolated from 
rats fed lauric acid-1-C™ and myristic acid-1-C™ is of interest. Because 
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the carboxyl carbon of the administered fatty acids was labeled, it would 
appear that the 16- and 18-carbon fatty acids arose by lengthening of the 
administered shorter chain fatty acids. Indeed, 8 hours after a single 
feeding of either of the labeled fatty acids, well over 90 per cent of the 
C* fatty acids was of longer chain length than those fed. A similar phe- 
nomenon was reported by Klem in experiments with deuterium-labeled 
lauric acid (13), and by Stetten and Schoenheimer in experiments with 
deuterium-labeled palmitic acid (14). 

The present findings indicate that the rat can incorporate short chain 
fatty acids into phospholipides. Since naturally occurring, long chain 
fatty acids are synthesized and degraded by a stepwise addition or loss of 
2-carbon units, it is surprising that phospholipides, particularly of a tissue 
like the liver, contain so few shorter chain fatty acids. Their low content 
in tissue phospholipides of normal animals may be explained by the re- 
cent observations of Weinman ef al. (15). According to these investi- 
gators, long chain fatty acids are oxidized predominantly to completion 
or at least to a 2-carbon fragment which is then either converted to CO, 
or utilized for synthetic reactions. It would appear that, in the path of 
oxidation of the long chain fatty acids, the number of molecules that 
become stabilized at 12- and 14-carbon chain lengths is few compared 
with those that go to complete oxidation. 


We are indebted to Dr. Dexter S. Goldman and Dr. E. O. Weinman 
for valuable criticism in the preparation of this paper. Some of the pure 
fats used in this study were generously furnished by the E] Dorado Oil 
Company of Berkeley. 


The capacity of the rat to incorporate short chain fatty acids into phos- 
pholipide molecules has been demonstrated. (1) Laurie acid-1-C™ dis- 
solved in corn oil was administered by stomach tube, and the phospho- 
lipide fatty acids of the carcass were isolated and fractionated by amplified 
distillation. A 12-carbon fatty acid containing C™“ was recovered. (2) 
A 14-carbon fatty acid containing C“ was isolated from tissue phospho- 
lipide fatty acids after the administration of myristic acid-1-C™. 

The rapid conversion of fed lauric and myristic acids to 16- and 18-car- 
bon fatty acids is demonstrated. (1) Radioactive 16- and 18-carbon fatty 
acids were isolated from the phospholipide and non-phospholipide fatty 
acids of rats fed lauric acid-1-C™ or myristic acid-1-C™. (2) Well over 
90 per cent of the fatty acid-C™ found in tissues after administration of 
these carboxyl-labeled shorter chain fatty acids was in 16- and 18-carbon 
acids. 
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Storage of myristic acid in phospholipides as well as non-phospholipides 
of the rat liver is demonstrated after prolonged feeding of this acid. 

The almost complete absence of short chain fatty acids in tissue phos- 
pholipide is discussed in the light of recent findings on the oxidation of 
16- and 18-carbon chain fatty acids. 
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INCORPORATION OF LABELED PHOSPHATE INTO THE 
LIPIDES OF LIVER SLICES* 


By CAMILLO ARTOM ann MARJORIE A. SWANSON 


(From the Department of Biochemistry, Bowman Gray School of Medicine, Wake Forest 
College, Winston-Salem, North Carolina) 


(Received for publication, March 12, 1951) 


Animals on diets with a low protein content develop a fatty infiltration 
of the liver, which is easily prevented or relieved by choline administra- 
tion. These effects are generally interpreted by assuming that phospho- 
lipides play a major rdéle in the transport of fatty acids out of the liver 
(or in their metabolism within the tissue). Since choline is an essential 
component of lecithins and sphingomyelins, a dietary deficiency of choline 
(or of its precursors) would lead to an accumulation of fat in the liver 
because of an impairment in the formation of phospholipides. Actually, 
in the livers of rats on low protein diets the increase in neutral fat is ac- 
companied by a decrease in the level of total phospholipide (2). How- 
ever, this level is not restored to normal by the addition of choline alone 
to the diet (2, 3). Moreover, the rate of phospholipide synthesis, as 
measured by the incorporation of P® into the phospholipides, is not ap- 
preciably decreased in the livers of intact rats on “alipotropic”’ diets (4-6). 

In view of the greater simplicity of the conditions of experiments in 
vitro, it was hoped that some useful information on this and other aspects 
of the biological synthesis of phospholipides could be obtained by study- 
ing the incorporation of inorganic phosphate into the lipides of liver slices 
from rats previously maintained on various diets. The effects of a number 
of factors (such as level of protein in the diet, amount of choline available 
to the animals, addition of choline and related compounds to the liver 
slices in vitro, etc.) were tested. The most definite indication which could 
be obtained is that the ability of the isolated tissue to synthesize phospho- 
lipides from inorganic phosphate is markedly reduced by a low intake of 
proteins. Furthermore, it appears that the response of the liver slices 
to the addition in vitro of choline is also dependent upon the previous die- 
tary history of the animals. 

* With the technical assistance of M. L. Haigler. A preliminary report was 
presented before the annual meeting of the American Society of Biological Chemists, 
Atlantic City, April, 1950 (1). This work was performed under a contract (No. 
AT-(40-1)-288, Title II) between the United States Atomic Energy Commission and 
the Bowman Gray School of Medicine. The P* used in the experiments was ob- 


tained from the Clinton National Laboratories, Oak Ridge, Tennessee, on allocation 
from the United States Atomic Energy Commission. 
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EXPERIMENTAL 


Male albino rats raised on a stock dict (Rockland Farms rat diet, com- 
plete) were sacrificed or transferred to an experimental diet for various 
lengths of time (6 to35 days). One of these (Diet 26 (7)) contained 5 per 
cent casein; the other (Diet 29 (8)) contained 25 per cent casein. Ip 
several experiments, the animals were further depleted of transferable 
methyl groups (9) by the addition of 0.5 per cent guanidoacetic acid 
(GAA) to Diet 26. In other experiments the choline deficiency was cor- 
rected by adding 0.4 per cent of choline chloride to Diet 26. A mixture 
of pure B vitamins (8) was incorporated daily into the experimental diets. 

The livers of two rats, maintained on different diets, were often used 
in one experiment. The animals were killed by decapitation, and the 
livers rapidly removed, chilled in 0.9 per cent NaCl, and sliced free hand. 
Between 500 and 800 mg. of slices were added to 6 ml. of Krebs-Ringer 
phosphate solution, pH 7.3, containing 50 mg. of glucose, any other de- 
sired addition, and approximately 2 yc. of P® (as sodium phosphate). 
The flasks were shaken 4 hours in a Warburg bath at 37°, in the presence 
of air or of a 5 per cent CO,-95 per cent O; mixture. At the end of the 
incubation period, 12 ml. of 10 per cent trichloroacetic acid (TCA) were 
added. The precipitate was centrifuged, washed with three 6 ml. por- 
tions of 5 per cent TCA, and dehydrated overnight with acetone. It 
was then extracted three times each with boiling ethanol and ethanol- 
ether (2:1). The combined acetone-ethanol-ether extract was evaporated 
on a steam bath, and dried 3 hours in vacuo at 45°. The residue was 
dissolved in chloroform and the solution filtered. Aliquots of the filtrate 
were taken for the determination of total lipides (by weight, after evapo- 
ration of the solvent) and lipide P (after incineration in HNO,-H,S0O, 
(10)). “Neutral fat” was estimated from the difference between the total 
lipides and the total phospholipides (lipide P * 25). In order to elimi- 
nate the last traces of inorganic P®, the remainder of the chloroform solu- 
tion was shaken with 1 gm. of Na,ITPO, and a few drops of water for 5 
minutes. The solid was sedimented by centrifugation, and an aliquot 
of the supernatant solution taken for determination of radioactivity (11). 
In all experiments, at least one blank was prepared from each liver. This 
was treated exactly like the experimental samples, except that TCA was 
added immediately after the P®. The counts in the lipides extracted 
from the blanks were usually 1 to 2 per cent, and never more than 5 per 
cent, of the counts in the lipides of the experimental samples. It seems 
therefore that our technique for removal of inorganic phosphate, although 


simpler than that used by other investigators, is adequate for our purpose. — 


The inorganic P was precipitated with magnesia mixture from an ali- 
quot of the TCA extract. This precipitate was taken up in a few drops 


f 
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of 1 » HCl, diluted with H,O, and used for the determination of P™ (10) 
ad P* (11). In preparing the samples for radioactivity measurement, 
sddition of a few ml. of acetone facilitated the evaporation of H,O and 
the deposition of an even film of salts. The samples were brought to a 
giform weight by addition of a solution of non-radioactive lipides. Be- 
cause of the presence of a comparatively large amount of phosphate in the 
buffer, the specific activity of the phosphate decreased by not more than 
10 per cent during the incubation. In preliminary experiments in which 
other buffers were used (citrate, bicarbonate, glycerophosphate), the spe- 
cific activity of the inorganic P was initially much higher, but declined 
to about one-fourth of its original value during the incubation. Varia- 
tions of this magnitude would obviously increase the uncertainty in the 
calculation of the amounts of labeled phospholipides synthesized by the 
liver slices. 

Calculations—Since the amounts of tissue, inorganic ic phosphate, and ra- 
dioactivity in the samples varied somewhat from experiment to experi- 
ment, the results, corrected for the blanks, were calculated for 1 gm. of 
moist tissue, and divided by the specific activity of the inorganic phos- 
phate. The formula used was as follows: 


Gm. tissue xm. tissue 


(where E = lipides from the experimental flask; B = lipides from the 
blank flask; J = inorganic P from the blank flask). The values obtained 
express the micrograms of inorganic P incorporated into the phospho- 
lipides, or, multiplied by 25, the micrograms of labeled phospholipides 
formed by 1 gm. of tissue. These are minimal values, since the calcula- 
tion does not take into account several factors which tend to lower the 
concentration of P®™ in the lipides, such as the increase in the amount of 
inorganic P during the incubation, the synthesis of phospholipides from 
preformed (hence unlabeled) precursors, or the breakdown of newly formed 
phospholipides before termination of the experiment. 


Results 


Effects of Diet—In Table | we are reporting representative data from 
experiments in which slices were prepared simultaneously from two rats 
maintained for the same length of time on different diets. The rats were 
of the same age, but of different weights because the animals on deficient 
diets grew poorly. In the livers of these rats, neutral fat was increased 
and total phospholipides were decreased, as expected (2). Slices of these 


livers incorporated inorganic P© to a much lesser extent than liver slices 
from rats on the stock diet (Experiment 21). 


This difference is apparent 
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in both the absolute and relative amounts of newly formed phospholipides, 
Addition of choline to the deficient diet neither prevented (Experiment 25) 
nor corrected (Experiment 23) this decrease, although the amount of neu- 
tral fat in the liver was reduced nearly to normal. Therefore the de- 
creased synthesis of phospholipides in the isolated tissue cannot be ascribed 
to an interference by the excess fat with the penetration of P™ from the 
medium or with the enzymatic activities involved in phospholipide for- 
mation. When the rats were maintained on a purified diet containing 
25 per cent casein (corresponding to the protein level of the stock diet), 
their livers synthesized phospholipides at a high rate (Experiment 26). 


Taste I 
Incorporation of Inorganic P* into Lipides of Liver Slices from Rats on Various Diets 


Per gm. moist tissue 


“pent Diet No. Days on diet Total — 
fat ated in 
me. mg. 7 per cent 
21 Stock 15 15.6 15.3 2.44 
26 + GAA* 15 $l 9.0 3.3 0.91 
25 26 + cholinet 6 15 11.5 6.4 1.42 
26 + GAA* 6 60 9.6 6.9 1.78 
23 «| 26 then 26 + choline* 16 then 12 31 9.0 3.0 0.83 
26 28 176 7.9 2.3 0.73 
26 29 16 16 14.9 13.7 | 2.29 
26 16 59 11.3 * a 0.38 


* Guanidoaeetic acid, 0.5 gm. in 100 gm. of diet. siteidaeeelalal 
t Choline chloride, 0.4 gm. in 100 gm. of diet. 


These findings indicate that the differences observed in the rate of phos- 
pholipide synthesis depend upon the protein level of the diet rather than 
upon the supply of choline (or choline precursors), or upon some undeter- 
mined factors which may be present in the mixture of crude animal and 
vegetable products of the stock diet. 

A statistical analysis of our data is presented in Table IL. The figures 
have been calculated for both the moist weight and the dry, fat-free weight 
of the tissue, since the amounts of neutral fat in the liver differed con- 
siderably between the two groups of animals. By both types of calcula- 
tions the mean differences between the groups on the high and low protein 
diets have a high degree of statistical significance. 

‘Effects of Addition in Vitro of Choline and Related Substances—-In vivo 
the administration of a single large dose of choline (13) or betaine (14) 


| 
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to rats on low protein diets increases the rate of phospholipide turnover 
as measured with P®. Similar effects have been noted after administra- 
tion of ethanolamine (15, 16), which is not clearly lipotropic. When the 
animals had been on adequate diets, choline caused little or no stimulation 


Taste Il 
Statistical Analysis of Results of Eleven Directly Comparable Experiments 
Inorganic P incorporated into lipides 
Per gm. moist tissue .......... 11.86 2.91 8.95 + 1.38§ 6.46 
“ “ dry, fat-free tissue.... 45.5 10.9 H.6 + 5.245 6.61 


*For N — 1 = 10 (degrees of freedom) and P = 0.01 (probability for a chance 
occurrence), ¢ = 3.169 (12). 
t Stock diet or Diet 29. 


t Diet 26 or Diet 26 + GAA. 
§ Standard errors of the mean differences. 
Tassie Ill 
Effects of Addition in Vitro of Choline Chloride to Liver Slices of Rats on 
Various Diets 
Rats on high protein diets* | Rats on low protein dietst 
per cent percent | 
8s xl 9 ~19 4.0 8 +45 3.08 
3.3 x 10 13 | 6.4 
1.7 10° | -45 | 122 9 +51 | 3.8 
* Stock diet or Diet 29. 


t Diet 26 or Diet 26 + GAA. 

t Increases (+) or decreases (—) in per cent of the values from the control flasks 
to which no choline was added. 

§P? <0.05. All other ¢ values indicate a probability for a chance occurrence 
less than 0.01 (12). 


(7). In the present experiments various concentrations of choline and of 
a few related substances were added to the liver slices in vitro. Under 
these conditions, the action of choline depends upon the previous dietary 
régime in qualitatively the same way as had already been observed in 
vivo. When choline was added to liver slices from rats on the low casein 
diet, the incorporation of P® into the lipides was somewhat increased, but 
not nearly enough to reach the values found in the livers of rats on the 
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high protein diets. There was no difference in the effect of choline in 
vitro, whether the rats had been fed Diet 26 alone or Diet 26 supplemented 
with GAA. On the other hand, choline definitely depressed the rate of 
phospholipide synthesis when the liver slices had been obtained from rats 
on the stock or high protein diet. The changes caused by the addition 
in vitro of choline to the liver slices of rats on either high or low protein 
diets appear to be statistically significant (Table III). In one experiment 
with liver slices from a rat on the stock diet, the phospholipides were 
fractionated according to Taurog ef al. (17). It was found that the forma- 
tion of both choline-containing and non-choline-containing phospholipides 
was depressed to approximately the same extent. 

The effects of ethanolamine and betaine added in vitro will be mentioned 
only briefly, since these were less marked and less consistent than the 
effects of choline in vitro. In the livers of rats on the stock diet, usually 
ethanolamine inhibited phospholipide formation, while betaine stimulated 
the process. Increases as high as 50 per cent were found after addition 
of betaine in concentrations of 1.7 X 10-* mM or 3.3 X 10-* m, but no such 
effect was observed when the substance was present at lower concentra- 
tions. 


DISCUSSION 


The present findings indicate that in rats on low protein diets there 
is a definite reduction in the ability of the isolated liver to synthesize 
phospholipide from inorganic phosphate. The association of this finding 
with a fatty infiltration apparently supports the commonly accepted ex- 
planation of the lipotropic action of choline. However, since supple- 
mentation of the diet with choline relieves the fatty infiltration but does 
not restore the ability of the liver slices to synthesize phospholipides, there 
seems to be no simple relationship between the two processes. The 
lowered rate of phosphate incorporation probably is more directly related 
to the decreases in cytoplasmic proteins (18, 5), especially in some of the 
oxidative enzymes (19-23), which occur rapidly in livers of protein-de- 
pleted rats. A decrease in oxidative systems of the cells might well 
account for our findings, because oxidations are necessary for the incor- 
poration of inorganic phosphate into the lipides of liver slices (24). It is 
also possible that the inhibition by choline added in vitro to liver slices 
from rats on the stock diet may be explained in a similar way, since oxi- 
dation of choline by liver slices in vitro is apparently accompanied by a 
reduction in the endogenous respiration (25). 

In conclusion, we would like to point out that the present findings con- 
cern only the incorporation of inorganic phosphate into the phospholipides, 
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and therefore do not necessarily apply to the synthesis of the other ester 
bonds present in these compounds.' 


SUMMARY 


Slices from the livers of rats previously maintained on a 5 per 
cent casein diet incorporated inorganic P™ into the lipides at a lower rate 
than liver slices from rats on a stock diet or on a 25 per cent casein diet. 

Supplementation in vivo of the low protein diet with choline prevented 
or reversed the fatty infiltration but did not raise the ability of the iso- 
lated liver to synthesize phospholipides from inorganic phosphate. 

The addition of choline in vitro inhibited the formation of phospho- 
lipides in the liver slices from rats on the high protein diets. When the 
rats had been previously maintained on low protein diets, choline added 
in vitro to the liver slices stimulated the process to a certain extent. 
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ENZYMATIC PHOSPHORYLATION OF ADENOSINE AND 
2,6-DIAMINOPURINE RIBOSIDE* 
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Knowledge concerning the nature of the biologic synthesis of purine or 
pyrimidine mononucleotides is relatively limited. A significant contribu- 
tion was the demonstration by Ostern and coworkers (3) of the phos- 
phorylation of adenosine to adenosine-5’-phosphate (A-5’-P) and adenosine- 
triphosphate (ATP) by means of crude yeast extracts. The energy source 


for this reaction was supplied by the fermentation of hexose diphosphate 
or phosphoglyceric acid. These extracts did not act on guanosine or ribose 
and failed to form yeast adenylic acid. Recently, Sable (4) observed the 
disappearance of ATP in the presence of crude yeast fractions and ade- 
nosine. He suggested the direct phosphorylation of adenosine by ATP 
and the name adenosine phosphokinase for this enzyme. 


In order to provide some definitive information on the mechanism of 


conversion of adenosine to adenosine-5’-phosphate, we have purified this 
activity from yeast autolysates. An enzyme preparation has been ob- 
tained which catalyzes the reaction 


(1) Adenosine + ATP — adenosine-5'-phosphate + adenosinediphosphate (ADP) 
In conjunction with phosphopyruvate, pyruvate phosphokinase from 


muscle, and myokinase, this enzyme preparation catalyzes the synthesis 
of ATP from adenosine according to Equation 4 (sum of Equations 1, 
2, and 3). 


(2) 3 phosphopyruvate + 3ADP PYTuvate phosphokinase 3 + 3ATP 


(3) ATP + A.5’-p myokinase pp 


(4) Adenosine + 3 phosphopyruvate — ATP + 3 pyruvate 
The same enzyme preparation under similar conditions also brings about 


the phosphorylation of 2,6-diaminopurine riboside (2-aminoadenosine) to 
2-aminoATP, as in Equation 5. 


* These findings were reported by one of us (1). In the same month, similar 


findings were reported by Caputto (2), who demonstrated the phosphorylation of 
adenosine by ATP to yield adenosine-5’-phosphate with enzymes derived from liver 
and kidney as well as from yeast. 
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(5) 2-Aminoadenosine + 3 phosphopyruvate — 2-aminoATP + 3 pyruvate 


Of seventeen nucleosides tested, the enzyme reacts only with adenosine 
and 2-aminoadenosine and the transfer of phosphate is limited to the 5’ 
carbon of the nucleoside. 


Methods 


Materials—ATP and ADP were purified from commercial products 
(Sigma) by ion exchange chromatography (5). Adenosine (recrystallized 
twice from water), guanosine, uridine, cytidine, veast adenylic acid, and p- 
ribose were products of the Nutritional Biochemicals Corporation. Des- 
oxyadenosine was prepared from desoxyadenylic acid! and inosine from 
inosinic acid by quantitative removal of the phosphate with lyophilized 
snake venom (Crotalus adamanteus), which contains a 5’-nucleotidase (6), 
2 ,6-Diaminopurine riboside and other synthetic nucleosides were gener- 
ously provided by Dr. J. Davoll and Dr. G. B. Brown. Reduced di- 
phosphopyridine nucleotide (DPNH,) (purity 0.68) was prepared by Ohl- 
meyer’s method (7). Triphosphopyridine nucleotide (TPN) (purity 0.86) 
was obtained by ion exchange chromatography of a crude liver fraction? 
Phosphopyruvie acid was prepared by Ohlmeyer’s modification of Kies- 
sling’s method and kindly supplied to us by Dr. P. Ohlmeyer. 

Pyrwate phosphokinase, the enzyme catalyzing the transfer of phosphate 
from phosphopyruvate to ADP to form pyruvate and ATP, was purified 
from rabbit muscle by a modification of the procedure described by Kubo- 
witz and Ott for human muscle (8). 

(a) Assay—The incubation mixture (3.0 cc.) for enzyme assay contained 
0.1 cc. of phosphopyruvate (0.005 m), 0.1 ec. of MgCl. (0.1 m), 0.1 ce. of 
DPNH; (0.002 m), 0.2 ec. of ADP (0.0015 m), 0.2 ec. of phosphate buffer 
(0.5 m, pH 7.0), and 0.02 cc. of lactic dehydrogenase (final fraction diluted 
1:40). A unit of enzyme activity was defined as the amount producing 
1 um of pyruvate (determined as the oxidation of 1 um of DPNHz, at 340 
my) per minute at 21-23°, corrected when necessary for a blank value 
owing to the contamination of the lactic dehydrogenase preparation by 
this activity. 

(b) Purification—Ground rabbit muscle (631 gm.) was stirred at 2° for 
30 minutes with 3 volumes of 0.1 m KH.PO, and then centrifuged. The 
turbid extract (1730 ce., 30 units per cc., 3.3 units per mg. of protein) was 
fractionated with acetone (8). The acetone fraction (Acetone I, 71 ec., 
800 units per cc., 11.5 units per mg. of protein) was stable for months 
when stored at —15°. (Fractional precipitation with nucleic acid at this 
point, as in the method of Kubowitz and Ott, was not successful.) An 


1 Kindly furnished by Dr. C. E. Carter and Dr. W. E. Cohn. 
*? Kornberg, A., and Horecker, B. L., unpublished. 
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inactive precipitate which appeared on thawing the acetone fraction was 
removed and a second acetone precipitation was carried out. 60 cc. were 
diluted with water to 240 cc. Acetone (112 cc.) was added slowly while 
the temperature was maintained at about —2°, and the resulting precipi- 
tate, collected by centrifugation, was dissolved in water with the aid of a 
few drops of 0.1 n NaOH (Acetone II, 60 cc., 440 units per cc., 26.2 units 
per mg. of protein). This fraction was diluted with an equal volume of 
cold water and treated with 180 cc. of calcium phosphate gel (1.42 gm., 
dry weight, aged for several months) (9). After 10 minutes at room 
temperature the gel was removed by centrifugation and the supernatant 
adjusted to pH 4.6 with acetate buffer (1 M, pH 4.0). Ammonium sulfate 
solution (saturated at 2°, 333 cc.) was added and the precipitate which 
formed was removed by centrifugation. 67 cc. of saturated ammonium 
sulfate were added and the resulting precipitate, collected by centrifuga- 
tion, was dissolved in water with the aid of a few drops of 0.5 m phosphate 
buffer, pH 7.0 (ammonium sulfate fraction, 30 cc., 424 units, 57.3 units 
per mg. of protein). This fraction, free of myokinase, approximates in 
purity the crystalline preparation of Kubowitz and Ott and retains its 
activity for several months on storage at — 15°. 

Adenosine deaminase was obtained by dissolving 100 mg. of Armour 
intestinal phosphatase (stated to contain 15 Schmidt-Thannhauser units 
(10) of phosphatase activity per mg.) in 10 cc. of ammonium acetate 
buffer (0.02 mM, pH 8.0) and dialyzing this solution against 0.04 m sodium 
acetate for 3 hours at 2°. This solution can be stored at —15°. When 
tested in the presence of 0.05 m phosphate buffer, pH 7.4, the deamination 
of adenosine is rapid, while phosphatase activity (determined with ade- 
nosine-5’-phosphate as substrate under similar conditions of incubation) 
is not detectable. The use of phosphate buffer thus avoids the phos- 
phatase interference, and, in this instance, the need for further purification 
steps (11). 

Lactic dehydrogenase was prepared by ammonium sulfate fractionation 
of rabbit muscle extract.’ 

(a) Assay—The incubation mixture (3.0 cc.) for enzyme assay contained 
0.1 cc. of pyruvate (0.01 m), 0.1 cc. of DPNH;, (0.002 m), 1.0 cc. of phos- 
phate buffer (0.1 m, pH 7.4), and enzyme previously diluted with cold 
0.01 m NaCl. A unit of enzyme activity was defined as the amount re- 
quired to oxidize 1 um of DPNHz2 (determined at 340 my) per minute 
at 21-23°. 

(b) Purification—Rabbit muscle extract was fractionated with ammo- 
nium sulfate between saturations of 0.52 and 0.72 according to Cori et al. 


*This method was suggested by Dr. C. F. 
by one of us (A. K.). 
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(12) with or without prior crystallization of aldolase (13). The precipitate 


may be stored as a paste at 3° for many months. 57.5 gm. of the 0.52 to 
0.72 fraction, derived from 500 gm. of muscle, were dissolved in cold 
water and the small amount of insoluble material was removed by filtra- 
tion (92 cc., 725 units per cc., 12 units per mg. of protein). Three succes- 
sive ammonium sulfate fractionations were then carried out, the lactic 
dehydrogenase appearing each time in the least soluble fraction. 39 ce. 
of ammonium sulfate (saturated at 2° and kept cold) were added slowly 
at 0-2°. After exposure to room temperature for 15 minutes, the tem- 
perature of the solution rose to 12° and the resulting precipitate was col- 
lected by centrifugation and dissolved in water (16.5 cc., 3430 units per 
cc., 54 units per mg. of protein). To 15 cc. of this fraction, 5.0 ce. of 
saturated ammonium sulfate were added dropwise and the slightly turbid 
solution was exposed to room temperature for 30 minutes (during which 
time the temperature of the solution rose to 18°). The resulting precipi- 
tate was centrifuged and dissolved in water (15 cc., 2950 units per cc., 
114 units per mg. of protein). This last fractionation was then repeated, 
yielding a final fraction (7.5 cc., 4180 units per cc., 220 units per mg. of 
protein). The over-all yield was approximately 50 per cent and the pu- 
rity, based on the turnover number cited by Kubowitz and Ott (14) for 
the crystalline enzyme from rat muscle, was estimated to be about 80 per 
cent. The final rabbit muscle fraction is stable for months at 3° or — 15°, 
but is unstable in high dilutions. Lactic dehydrogenase, once recrystal- 
lized, was prepared in this laboratory from beef heart according to Straub’s 
procedure (15). This preparation contained only 136 units per mg. of 
protein and the yield, referred to fresh weight of muscle, was only one- 
tenth as great as that obtained trom rabbit muscle by our procedure. 

Hexokinase (Fraction 3) was prepared according to Berger et al. (16), 
myokinase (ammonium sulfate fraction) according to Colowick and Kalckar 
(17), and Zwischenferment as previously described (18). 

Determinalions—ATP was determined spectrophotometrically as pre- 
viously described (19). In the absence of myokinase, the successive action 
of hexokinase and Zwischenferment on glucose and glucose-6-phosphate, 
respectively, resulted in the reduction of 1 mole of TPN per mole of ATP. 
In the presence of myokinase, ADP produced by the action of hexokinase 
is activated (17, 20) and 2 moles of TPN are reduced per mole of ATP. 
The term “kinase-labile phosphate” refers to the phosphate transferred 
to glucose (as determined by TPN reduction) by ATP and ADP when both 
hexokinase and myokinase are present. 

ADP was determined in this system by carrying out the reaction with 
and without the use of myokinase. ADP was estimated with greater 
accuracy by the use of pyruvate phosphokinase freed of myokinase and 
phosphatases. ADP is the specific acceptor and, for every mole present, 
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| mole of pyruvate appears, the latter being measured spectrophotometri- 


cally by the oxidation of DPNH:z in the presence of lactic dehydrogenase. 
With the same system, phosphopyruvate was determined, an excess of 
ADP being present. Estimations of iodine-labile phosphate (21) as a 
measure of phosphopyruvate were in close agreement with enzymatic as- 
say Values. 

Adenosine was determined spectrophotometrically by the reduction in 
density at 265 my resulting from the action of adenosine deaminase (22). 
In 3.0 ce. of phosphate buffer (0.05 m, pH 7.4) at room temperature, 20 y 
of the deaminase preparation completed the deamination of 0.15 um of 
adenosine in 8 minutes. 2-Aminoadenosine is also acted on by adenosine 
deaminase preparations to yield guanosine.‘ The ratio of the guanosine 
and 2-aminoadenosine extinction coefficients was observed to be 1.45 at 
255 mu, 1.00 at 274 my, and 0.47 at 290 my. The deaminase action on 
2-aminoadenosine was weaker than on adenosine and therefore about 10 
times as much enzyme was used in estimations of 2-aminoadenosine. Or- 
thophosphate was determined by the method of Fiske and Subbarow (23); 
acid-labile phosphate was the phosphate liberated after 10 minutes hy- 
drolysis in 1 N HCl at 100°, and total phosphate was that determined 
after ashing with a sulfuric acid-nitric acid mixture. Ion exchange chroma- 
tography was carried out on Dowex-1 (200 to 400 mesh, chloride form) 
columns according to Cohn (24). Protein was determined nephelometri- 
cally (25) at 340 my and by a modified phenol method (26). 

Assay of Adenosine Phosphokinase—The incubation mixture contained 
0.1 ec. of succinate buffer (0.33 m, pH 6.0), 0.05 cc. of adenosine (0.017 Mm), 
0.01 ec. of MgCl, (0.1 m), 0.01 cc. of MnCl, (0.02 m), 0.02 ce. of glutathione 
(0.16 m), 0.01 ce. of ATP (0.002 m), 0.025 cc. of phosphopyruvate (0.06 ), 
0.02 cc. of myokinase, 0.05 cc. of pyruvate phosphokinase (Acetone I), 
and water and adenosine phosphokinase to a volume of 0.5 cc. (Gluta- 
thione was included to activate myokinase (17).) After 20 minutes at 
21-23° the incubation mixture was placed in a boiling water bath for 3 
minutes, centrifuged, and the supernatant analyzed for kinase-labile phos- 
phate. A unit of enzyme activity was defined as the amount producing 
1 um of kinase-labile phosphate during the test period. When ADP and 
ATP were to be determined separately, the incubation mixture was treated 
with 0.5 ce. of 6 per cent perchloric acid and 0.5 ec. of bovine serum al- 
bumin (10 mg. per ce.) and centrifuged; the neutralized supernatant was 
used for assay. 


Results 


Purification of Enzyme—Autolysates of dried bakers’ yeast and of several 
dried beer and ale yeasts were all found to be active. 25 gm. of the dried 


‘ Personal communication from Dr. G. B. Brown. 
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lager beer yeast,’ which yielded the most active autolysate, were sus- 
pended in 75 cc. of 0.1 mM sodium bicarbonate and incubated for 6 hours at 
34°. The mixture was centrifuged and yielded approximately 40 cc. of 
clear yellow autolysate (51.2 units per cc., 1.1 units per mg. of protein). 
All subsequent operations were performed at 2°, unless otherwise specified. 
To 40 cc. of autolysate were added 40 cc. of water, 20 cc. of 1 N acetic 
acid, and then 8 ec. of nucleic acid solution (Merck, 50 mg. per cc., pH 5.0). 
After 5 minutes, 40 cc. of 2 N acetic acid were added and the precipitate 
was removed by centrifugation. The pH of the clear supernatant, which 
was approximately 4.4, was raised to 6.3 by the addition of about 12 ce. 
of 2 nN NaOH. Salmine sulfate (Lilly, 100 mg. in 4 cc.) was added; 5 
minutes later the precipitate was removed by centrifugation, yielding 120 
ec. of supernatant (12.6 units per cc., 3.8 units per mg. of protein). The 
pH was adjusted to 5.1 with 7.0 ec. of 2 N acetic acid, the solution cooled 
to —0.5°, and ethanol added with mechanical stirring. The temperature 
was maintained just above the freezing point during the early ethanol 
addition and at —5° thereafter. The precipitates were centrifuged at 
—5°. 45 cc. of 50 per cent ethanol and then 7.0 cc. of zine chloride (0.5 ») 
were added (27). After 5 minutes the precipitate was removed by cen- 
trifugation. To the supernatant were added 10 cc. of 50 per cent ethanol, 
and after 5 minutes the precipitate was again removed by centrifugation. 
The addition of 60 ec. of ethanol to the supernatant produced a precipitate 
which was collected by centrifugation and dissolved in citrate buffer (0.05 
m, pH 6.2) to a volume of 5O ec. (14.5 units per ce., 13.1 units per mg. of 
protein). Lyophilization yielded 930 mg. of a white powder which when 
stored in a vacuum desiccator over CaCl, at 2° was stable for 8 months or 
more. (In the liquid state at 2° about one-third of the activity was lost 
overnight.) The dry preparation was used throughout these studies. 

The optical density, at 280 my in a light path of 1 cm., of a purified 
enzyme solution containing 1 mg. of protein per cc., was 64. The ratio 
of the density at 280 my to that at 260 my was 0.53, a value corresponding 
to that of nucleic acid. Efforts to remove this nucleic acid, as by the use 
of metal salts, protamine, and ion exchange resins, were unsuccessful. 

M yokinase activity was identified in the final adenosine phosphokinase 
preparation, both by the production of ADP (from adenosine-5’-phosphate 
and ATP) and by the conversion of ADP to ATP (Fig. 1). The produe- 
tion of ADP was determined by phosphorylation with phosphopyruvate 
to yield ATP and pyruvate (the latter extimated spectrophotometrically 
by the oxidation of DPNH in the presence of lactic dehydrogenase), 
a phosphate transfer which is specific for ADP (Curve 1). Since little 
ATPase activity was present in the purified enzyme preparation, this re- 


* Schwarz Laboratories, Inc. 
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sult can be attributed to myokinase-like action; an experiment in which 
adenosine-5’-phosphate was omitted initially (Curve 2) served as an addi- 
tional control. The conversion of ADP to ATP was demonstrated by the 
phosphorylation of glucose by hexokinase, the glucose-6-phosphate formed 
being assayed spectrophotometrically by the reduction of TPN in the 
presence of Zwischenferment (Curve 3). 

Like the muscle enzyme, yeast myokinase is relatively resistant to heat- 
ing in acid solution. After treatment of muscle myokinase with 0.1 N 
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TIME-MINUTES 

Fic. 1. Myokinase in yeast fractions. For Curves 1 and 2, the incubation mix- 
tures contained 0.05 ec. of DPNH, (0.011 m), 0.05 ce. of phosphopyruvate (0.015 m), 
0.04 cc. of ATP (0.025 mu), 0.04 cc. of A-5’-P (0.025 mu), 0.20 cc. of phosphate buffer 
(05 u, pH 7.4), 0.05 ce. of pyruvate phosphokinase (ammonium sulfate fraction 
diluted 1:100), 0.02 ce. of lactic dehydrogenase (final fraction diluted 1:40), and 
water to a final volume of 3.0 ce. A-5’-P was present at the outset for Curve 1 and 
added at the time indicated for Curve 2. Adenosine phosphokinase (0.05 cc., 10 
units per ce.) was added at the time indicated. 23°. For Curve 3, the incubation 
mixture contained 0.1 ec. of glucose (0.5 u), 0.10 ce. of ADP (0.016 m), 0.10 ce. of 
TPN (0.003 w), 0.1 ce. of MgCl, (0.1 st), 0.5 ce. of glycylglycine buffer (0.25 mu, pH 
74), 0.01 cc. of hexokinase (diluted 1:5), 0.10 ce. of Zwischenferment (4 mg. of the 
lyophilized powder per ce.), and water to a final volume of 3.0 cc. Adenosine phos- 
phokinase (0.02 ce., 10 units per cc.) was added at the time indicated. 23°. 


HCl at 100° for 10 minutes (17), 66 per cent of the activity remained, 
while the yeast enzyme under identical conditions retained 50 per cent of 
its activity. 

Phosphorylation of Adenosine by ATP——This reaction was demonstrated 
by the removal of adenosine and ATP and by the appearance of adenosine- 
5'-phosphate and ADP (Table 1). While the presence of myokinase pre- 
vented a simple stoichiometric balance, the essential nature of the reaction 
was apparent. In Experiments I and I1, the disappearance of adenosine 
is matched by the removal of phosphate transferable by hexokinase-my- 
okinase action (kinase-labile phosphate) or labile to acid hydrolysis. In 
Experiment I] the reaction mixture was analyzed chromatographically 


sus- 
at 
. of 
in). 
ied. 
tic 
i 
te 
c- 
le 
ly 
le 


488 NUCLEOSIDE PHOSPHORYLATION 


on Dowex-1 by separation of discrete adenosine, adenosine-5'-phosphate, 
ADP, and ATP fractions. It may be noted that the values obtained were 
Taste I 
Direct Phosphorylation of Adenosine by ATP 
| The values are expressed in micromoles. 


Kinase. 
4 AP | ADP are | | 
I Controls | 0.78 | 
| Experimental | 0.37 | 1.38] 3.0 
—0.41 | | —0.35 
11 | Controls 0.73 | | ost 
Experimental 0.50 0.56 
a -0.23 
Wi 0 min. 12.5 00 10.0 | 
6.7 49, 2.1 
30" ¢ 6.9 7.1 5.4 2.5 
at —5.7 | 47.1) 45.2) -7.7 | 


* Assays of perchloric acid supernatant. 

t Ion exchange analysis. 

{ The 30 minute value used in this calculation is an average of the values obtained 
by ion exchange analysis and assays of the perchloric acid supernatant. 


Experiments I and II1-—The experimental incubation mixture contained 0.05 ce. 
of adenosine (0.017 m), 0.08 ec. (Experiment I) or 0.04 cc. (Experiment II) of 
ATP (0.011 m), 0.01 cc. of MgCl, (0.1 m), 0.01 ce. of MnCl, (0.02 m), 0.10 ce. of succi- 
nate buffer (0.33 u, pH 6.0), 0.20 cc. of adenosine phosphokinase (10 units per cc.), 
and water to a final volume of 0.50 cc. The incubation mixture in one control lacked 
adenosine and in the other it lacked ATP. After incubation for 20 minutes at 23°, 
1.5 cc. of water were added and the mixture was immersed in a boiling water bath 
for 3 minutes. 

Experiment I111—The incubation mixture contained 0.75 cc. of adenosine (0.017 
um), 0.40 ce. of ATP (0.025 m), 0.10 ce. of MgCl, (0.1 m), 0.20 ce. of MnCl, (0.01 m), 
1.0 ce. of succinate buffer (0.33 mu, pl 6.0), 2.0 ce. of adenosine phosphokinase (10 
unite per ec.), and water toa final volume of 50 ce. After 30 minutes incubation at 
23°, an aliquot of 0.5 cc. was added to 0.5 ec. of 6 per cent cold perchloric acid. The 
neutralized perchloric acid supernatants were used for enzymatic and phosphate 
assays. The remainder of the mixture was immersed in a boiling water bath for 
15 minutes. The heated sample was chromatographed on a Dowex-1 chloride 
column (5 em. ¥ 1 eq. em.) (5). Adenosine and A-5'-P were cluted in succession 
with 0.003 ~ HCI (0 to 128 and 339 to SU7 ec., respectively). ADI was eluted with 
0.02 NaCl in 0.01 HCl © to 146 ce.) and ATP with 0.2 NaCl in 0.01 ws HCI 
to 75 ec.). 


in fair agreement with enzymatic assays of an aliquot of the reaction 
mixture. 22.5 om of adenosine + ATP were added imitilly and 21.5 gm 
of adenosine + adenosine nucleotides were recovered at the end of the 
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reaction. It is noteworthy that no substance corresponding to adenylic 
acids a or b (presumably adenosine-2’-phosphate and adenosine-3’-phos- 
phate, respectively) appeared in the chromatogram. 

Starting with ADP, the phosphorylation of adenosine was 25, 34, and 
39 per cent as rapid as with ATP inthree experiments. The persistence of 
myokinase action in the purified enzyme preparation makes it difficult 
to determine whether ADP is a substrate for adenosine phosphokinase. 

Phosphorylation of Adenosine by Transfer from Phosphopyruvate—Phos- 
phorylation of adenosine with phosphopyruvate as donor confirmed and 
amplified the results with ATP as phosphorylating agent. With crude 
yeast extracts and fractions rich in ATPase, the use of phosphopyruvate 
provided a feasible way of following adenosine phosphorylation, since it 
obviated the need for ATP (except in trace amounts as a primer) (Equa- 
tions | to 4). With the purified enzyme preparation, no reaction took 
place unless additions of pyruvate phosphokinase and a priming amount of 
adenine nucleotide were made; additional myokinase did not influence the 
rate of reaction. In Experiments I and II (Table IL), the disappearance of 
phosphopyruvate was matched by the appearance of pyruvate, and no or- 
thophosphate was released. Adenosine was consumed and kinase-labile 
phosphate produced, but the data are inadequate from the standpoint of 
reaction balance. Experiment III, which includes chromatographic sepa- 
ration of the products as well as their enzymatic assay, provides a simple 
balance between the phosphopyruvate and adenosine utilized and the ATP 
formed. The consumption of 3 moles of phosphopyruvate in the con- 
version of adenosine to ATP is shown more clearly in an experiment in 
which an excess of phosphopyruvate was provided (Fig. 2). 

Phosphorylation of 2-Aminoadenosine—The pyruvate phosphokinase sys- 
tem was also effective in the phosphorylation of 2-aminoadenosine to 2- 
aminoATP. In the presence of this system and adenosine phosphokinase, 
2-aminoadenosine was completely removed and somewhat more than 3 
moles of phosphopyruvate were consumed per mole of nucleoside (Fig. 2). 
Ultraviolet spectra (240 to 340 mg) of aliquots removed at 30 minute in- 
tervals during the course of the experiment showed no change. With 
prolonged incubations and the use of larger amounts of enzyme necessary 
for completion of the phosphorylation of 2-aminoadenosine, the formation 
of some inorganic orthophosphate was observed, presumably a result of 
ATPase action. This probably accounts for the fact that more than 3 
equivalents of phosphopyruvate were consumed. The direct phosphoryl- 
ation of 2-aminoadenosine by ATP was demonstrated under conditions 
exactly comparable to those deseribed for the direct phosphorylation of 
adenosine (Experiment Il, Table 1). The transfer of kimase-labile phos 
phate was, respectively, 0.23, 0.28, and 0.36 am after 1, 2. and 3 hours of 
incubation. 
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Taste Il 


Phosphorylation of Adenosine by Transfer from Phosphopyruvate 
The values are expressed in micromoles. 


Adeno Labele 
I Controls 1.29 0.32 0.80 20 
Experimental 0.06 1.77, 0.00 0.81 2.71 
4 +1.45 | +0.69 
II Controls | | 28 
Experimental 0.17) 1.42 0.32 O80 24 
| 
Control* 22.2 | 125/00 00 03 39.1 
Experimental® | 0.0 12.1 
“ t | 0.5 00°00 O4 126 
at —31.7 —12.5 40.2412. +0.7 


* Assays of perchloric acid supernatant. 

t lon exchange analysis. 

The experimental value used in this calculation i* an average of the value 
obtained by ion exchange analysis and assays of the perchloric acid supernatant. 


Experiments I and Il —The experimental incubation mixture contained 0.06 ce 
of adenosine (0.016 s), 0.10 ce. of phosphopyruvate (0.014 ™), 0.01 ce. of ATP (am 
um), 0.01 ec. of MgCl, (0.1 1), 0.01 ce. of MnCl, (0.02 w), 0.10 cc. of succinate buffer 
(0.33 m, pl! 6.0), 0.02 ec. of glutathione (0.15 ™), 0.10 ec. of adenosine phosphokinase 
(10 units per cc.), 0.02 cc. of myokinase, 0.02 ce. of pyruvate phosphokinase (Ace 
tone I), and water to a final volume of 0.50 ce. The incubation mixture in on 
control lacked adenosine and in the other it lacked phosphopyruvate. After ince 
bation for 20 minutes at 23°, 1.5 ec. of water were added and the mixture was 
immersed in a boiling water bath for 3 minutes. 

Experiment I11—The experimental incubation mixture contained 0.75 ce. of 
adenosine (0.016 0.00 cc. of phosphopyruvate (0.06 0.20 ce of ATP (0.001 
0.15 cc. of MgCl, (0.1 m1), 0.30 ce. of MnCl, (0.01 m), 1.5 ce. of succinate buffer 0.0) 
mu, pH 6.0), 0.30 ce. of glutathione (0.15 m), 1.5 ce. of adenosine phosphokinase (10 
units per ce.), 0.30 ce. of myokinase, 0.30 ce. of pyruvate phosphokinase (Acetone I), 
and water to a final volume of 9.0 cc. The contro! incubation mixture lacked only 
adenosine. After 30 minutes incubation at 23°, 1.0 cc. of the mixture was added to 
1.0 ec. of 6 per cent perchloric acid; 1.0 cc. of crystalline bovine serum albumin (10 
mg. per cc.) was then added to facilitate precipitation of the myokinase. The 
neutralized perchloric acid supernatants were used for enzymatic and phowphate 
assays. The remainder of the incubation mixture was immersed in a boiling water 
bath for 3 minutes. The heated sample was chromatographed on a Dowex.! chile 
ride column (6 em. 1 aq. em.) (5). Adenosine was eluted with 0.008 ~ HCI (0 te 
36 ec.); A-5'-P did not appear even after 70) ce. ADI was eluted with 0.02 
in 0.01 HCI to 120 ce.) and ATP with 0.2 NaCl in 0.01 HCI (0 te 190 ee). 
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The isolation of 2-aminoATP was attempted from an incubation mix- 
ture exactly as described in Fig. 2, except that it was 10 times as large 
17.7 wm of 2-aminoadenosine). After 3 hours incubation, the mixture 
was chilled, adsorbed directly on a Dowex-! chloride column (4 em. x 1 
qj. em.), Washed with 15 cc. of water, and eluted at 2° with 0.01 x HC! 
containing 0.075 « KCI. Fractions (10.8 ce.) were collected and examined 


2- AMINOADENOSINE REMAINING— 
MOLES 


TIME ~ HOURS 


Fic. 2. Phosphorjlation of adenosine to ATP and J-aminoadenosine to 
DaminoATP. Phoephopyruvate consumption with adenosine (©) and with 
Daminoadenosine (@ ); 2-aminoadenosine remaining (4). The incubation mixture 
contained 0.107 cc. of adenosine (0.167 ms) or 0.25 ce. of 2-aminoadencosine (0.0071 w), 
0D ce. of phosphopyruvate (0.06 wu), 0.06 ce. of ATP (0.001 w), 0.25 ce. of succinate 
buffer (0.33 wu. pll 6.0), 0.025 ce. of MgCl, (0.1 «). 0.025 ce. of MaCl, (0.04 w), 0.06 ce. 
of glutathione (0.15 «), 0.06 cc. of pyruvate phoephokinase (Acetone 1), adenosine 
phosphokinase (10 unite per ce.) and water to a final volume of 15 ce. In 
the ocbetens ne oupertment, 0.25 ce. of adenosine phoephokinase was used and 0.5 cc. 
was used in the 2-aminoadenosine experiment. 23". Aliquots (0.1 ce.) were re- 
moved into 14 ce. of 3 per cent perchloric acid at intervals and the neutralized 
supernatants were assayed for pyruvate and, in the 2-aminoadenosine experiment, 
for remaining nucleoside as well. In confrel incubation mixtures, which lacked 
only the nucleoside addition, there was a steady decomposition of phoephopyruvate 
amounting to about 0.9 ow per hour. The plotted values are corrected for these 
blanks determined at every point. 


at 280 and 255 mp. ‘The chromatogram resembled that of ATP (5, 28) 
rather clowely. Fractions 6 through 37, in which the ratio of densities 
at 280 and 255 mp was nearly correct (0.67) and which appeared to contain 
approximately 90 per cent of the nucleotide, were pooled. The combined 
eluate was treated with 3.0 ce. of saturated barium acetate and adjusted 
to pH 8.6 with I~ KOH. Cold absolute ethanol (197 cc.) was added and 
after 2 hours at O° the floeculent precipitate was collected in the centrifuge. 
The precipitate failed to dimolve completely in cold | ~ HCl and only 
about one-half of the ultraviolet-absorbing material was recovered. Bar- 
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ium was removed by treatment with Dowex-50 (H* form) without loss 
of ultraviolet-absorbing substance and the solution was neutralized. This 
solution possessed the spectral characteristics of 2-aminoadenosine and 
represented an over-all yield of 47 per cent. Analysis of this solution 
(with a corrected concentration of 1.00 ym per cc. based on ultraviolet 
absorption) was as follows: pentose, 0.93, acid-labile phosphate, 1.88, and 


Taste II! 


Specificity of Adenosine Phosphokinase 
The test conditions were as described for Experiments I and I], Table If. 08 
uM of test compound was used. The values are expressed as micromoles of pyru- 
vate formed, corrected for the blank. Results with the test compounds are com. 
pared with those obtained with adenosine in the same experiment. 


| Test compound — Adenosine 

2-Oxy -9-B-b- 0.02,0.00 | 1.52, 1.41 
9-8-p-2-Desoxyribofuranosyladenine 0.00 0.91 
«0.00 1.18 
0.00 
9-a-L-Arabofuranosyladenine.. .....__.. 0.00 1.34 
2,6-Diamino-9-6-p-ribofuranosylpurine 0.22, 0.26 1.52, 1.41 
2,6-Diamino-9-8-p-xylofuranosylpurine et 
2-Chloro-9-8-p-ribofuranosyladenine. 0.05, 0.05* 0.68, 1.28 
0.08, 0.01 0.68, 1.2 
6-Oxy -9-8-p-ribofuranosylpurine (inosine)......... 0.00 0.91 
2-Amino-6-oxy -9-8-p-ribofuranosylpurine (guano- | 

Uridine ce, ic at 1.35 
Cytidine ..... 0.02 1.35 
Yeast adenylie acid «60.00 1.49 


* This value may be attributed to an impurity of adenosine; prolonged ineu- 
bation resulted in no increase of this value. 
total organic phosphate, 3.72 um per cc. This analysis is approximately 
correct for 2-aminoATP except for the high total organic phosphate value, 
which is unexplained. 

The isolated 2-aminoATP was active as phosphate donor to 2-amino- 
adenosine and to glucose. The 2-aminoATP (0.1 ce., containing 0.188 
um of acid-labile phosphate) transferred 0.112 um of phosphate to glucose 
in the presence of hexokinase and myokinase and 0.058 pa when myoki- 
nase was omitted. The phosphorylation of 2-aminoadenosine (under con- 
ditions analogous to those described in Experiment I, Table 1) as indicated 


SR 
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by removal of kinase-labile phosphate was 0.04, 0.07, and 0.11 um 
after’ incubation periods of 1, 2, and 3 hours respectively. 

Specificity of Adenosine Phosphokinase—A large number of related nu- 
ree were found inactive under conditions which resulted in the phos- 

lation of adenosine and 2-aminoadenosine (Table III). These cym- 
pounds when tested at equimolar levels in the presence of adenosine shov 
only slight inhibitory effects (13 to 30 per cent) on the rate of adenosi 
lation. 

Other Properties of Enzyme—Rates of adenosine phosphorylation by ATP, 
estimated by adenosine removal, were maximal at the lowest substrate 
concentrations which could be conveniently tested. The levels were 5 
x 10-* mw for ATP and 2 X 10~* m for adenosine. It is noteworthy that, 
when adenosine phosphokinase is coupled with pyruvate phosphokinase 
and myokinase (Table II, Fig. 2), the removal of adenosine or phospho- 
pyruvate is readily completed, depending upon which substance is limiting. 


Taste IV 
Mg** Requirement of Adenosine Phosphokinase 
Test conditions as in Experiment 1,1 Table 1. The results are in micromoles. 


X 108. 0.35 | | 33 1.7 
Ma**, 108 0.33 1.7 | 33 
adenosine 0.29 0.54 0.62 0.70 0.46 | 0.55 0.50 0.62 


The pH optimum of the reaction determined either with yeast autol- 
ysates (phosphopyruvate as donor) or with purified adenosine phospho- 
kinase (ATP as donor) was approximately 6.0; about 50 per cent of the 
activity was observed at pH 5.0 and 7.0. Citrate buffer was inhibitory. 

Mg** was required and was partially replaced by Mn** (Table IV). 


DISCUSSION 


The conversion of adenosine to muscle adenylic acid (A-5'-P) observed 
by Ostern ef al. (3) has now been established as a simple and direct transfer 
from ATP. An objection to this pathway of A-5’-P synthesis was offered 
by Canzanelli et al. (29). They observed that sugar phosphates rather 
than mononucleotides were formed when adenosine was incubated with 
rabbit kidney homogenate. However, this particular objection cannot be 
regarded as serious in view of the very potent adenosine deaminase and 
inosine phosphorylase activities which are present in such homogenates. 
Alternative pathways of biosynthesis of A-5’-P deserve consideration. The 
formation by pigeon liver of inosine-5’-phosphate with an imidazole car- 
boxamide ribitide as a possible intermediate was reported by Greenberg 
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(30) and Buchanan and Schulman (31). The amination of inosinic acid 
to A-5’-P is suggested by Johnson and Bloch (32), who observed that in- 
osinic acid had some effectiveness in replacing adenine nucleotides for 
activation of glutathione synthesis by pigeon liver extracts. The origin 
of adenosine is still unsettled. The conversion of adenosine to adenine 
reported by Wang (33), while stimulated by phosphate and arsenate, has 
not been demonstrated to be reversible. 

The transfer of phosphate to adenosine was limited to the 5’ carbon of 
the nucleoside. Whether adenosine or other nucleotides are under any 
circumstances directly phosphorylated at the 2’ or 3’ carbon remains un- 
determined. The specificity of adenosine phosphokinase also extends to 
the configuration of the pentose and to substitutions on the purine ring 
with the single exception of 2,6-diaminopurine riboside. The phosphoryl- 
ation of this nucleoside and the additional fact that it is further acted 
upon by myokinase and pyruvate phosphokinase to yield 2-aminoATP sug- 
gest that these activities may have some physiologic significance. Brown 
(34) has reported that adenine is the only purine which is incorporated 
into rat nucleic acid adenine but that both adenine and 2 ,6-diaminopurine 
serve as precursors of nucleic acid guanine. It is conceivable that a 2- 
aminoadenine nucleotide leads to the formation of a guanosine nucleotide, 
which is incorporated into nucleic acid. 

The availability of a partially purified adenosine phosphokinase of high 
specificity provides a new means of identifying and estimating adenosine. 
When coupled with phosphopyruvate, pyruvate phosphokinase, and myo- 
kinase, the determination of pyruvate (spectrophotometrically) becomes 
a sensitive and convenient assay method for adenosine. 


SUMMARY 


1. An enzyme was partially purified from autolysates of brewers’ yeast 
and shown to catalyze the direct phosphorylation by ATP of adenosine and 
2 ,6-diaminopurine riboside (2-aminoadenosine) according to the equations 


Adenosine + ATP -—-A-5-P + ADP 
2-Aminoadenosine + ATP -+ 2-aminoadenosine-5 -phosphate + ADP 


2. This adenosine phosphokinase when coupled with phosphopyruvate, 
pyruvate phosphokinase, and myokinase converts adenosine to ATP and 
2-aminoadenosine to 2-aminoATP. 

3. Adenosine phosphokinase is strictly specific for adenosine and 2- 
aminoadenosine among a group of seventeen nucleosides tested and the 
transfer of phosphate is limited to the 5’ carbon of the nucleoside. 

4. Myokinase activity with acid- and heat-resistant properties like those 
of muscle myokinase was identified in yeast fractions. 
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5. Methods are described for the purification of lactic dehydrogenase 
and pyruvate phosphokinase from rabbit muscle. 
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THE PHOSPHOROLYSIS OF NICOTINAMIDE RIBOSIDE* 


Br JOHN W. ROWENt ann ARTHUR KORNBERG 


(From the National Institute of Arthritis and Metabolic Diseases, National Institutes 
of Health, Bethesda, Maryland) 


(Received for publication, June 30, 1951) 


Nicotinamide mononucleotide (NMN, nicotinamide ribose-5-phosphate ) 
is formed during the hydrolysis of diphosphopyridine nucleotide (DPN) 
by nucleotide pyrophosphatase (1) and is involved in the synthesis of 
DPN (2) by a reaction with adenosine triphosphate (ATP). The aceumu- 
lation of NMN in red blood cells incubated with large amounts of nicotin- 
amide and glucose has been reported recently by Leder and Handler (3). 

The participation of NMN in the synthesis of DPN has aroused interest 
in the origin of NMN. One possible origin involves the initial formation 
of nicotinamide riboside (NR) followed by phosphorylation to yield the 
nucleotide. We observed that NR is split at the glycosidic bond by ex- 
tracts of beef liver acetone powder in a reaction which is dependent on 
the presence of orthophosphate. An enzyme, partially purified from these 
extracts, catalyzes the following reversible reaction 


1) NR* + orthophosphate = nicotinamide + ribose-l-phosphate + H* 


This reaction is analogous to the phosphorolysis of the purine nucleosides 
described by Kalckar (4) and there is suggestive evidence that the same 
enzyme is involved. <A distinctive feature of Equation 1 is that NR, 
containing a quaternary nitrogen with a strongly ionized positive charge 
at neutral pH, on phosphorolysis is converted to a weak base, with the 
resultant production of a hydrogen ion. For this reason, phosphorolysis 
proceeds virtually to completion in buffered solutions at neutral pH. The 
value for the equilibrium constant, which includes the hydrogen ion con- 
centration term, is close to that obtained by Nalekar. 


Methods 


Materials—DPN (purity 0.78) was prepared by a modification of the 
method of Williamson and Green (5) and triphosphopyridine nucleotide 
TPN) (purity 0.86) was prepared by ion exchange chromatography of « 
crude liver fraction.|. NMN was obtained by enzymatic hydrolysis of DPN 
1). Inosine was obtained commercially (Nutritional Biochemicals); it 


*A preliminary report of this work has been published (Federation Proce. 10, 
24) (1951). 

t Special Research Fellow, United States Public Health Service 

Kornberg, A., and Horecker, B. L.. unpublished results. 
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was also prepared from inosinic acid (Sigma) by quantitative hydrolysis 
of the phosphate with lyophilized snake venom* (Crotalus adamanteus) 
which contains a 5’-nucleotidase (6). 

NR was prepared from NMN by hydrolysis with snake venom. The 
incubation mixture (10.0 ec.) contained 1.0 cc. of NMN (0.02 m), 3.0 ee. 
of glycine buffer (0.25 m, pH 8.5), 1.0 ec. of MgCl. (0.1 M), and 10 mg. of 
the venom dissolved in 2.0 cc. of 0.01 mM KCI. Hydrolysis, determined by 
the release of orthophosphate, was complete in 60 minutes at 38°. The 
incubation mixture was extracted three times with 10 cc. volumes of aque- 
ous phenol (60 gm. in 14 cc. of water). The phenol was then extracted 
3 times with 30 cc. quantities of ether. The aqueous phase was collected 
and combined with two aqueous washings of the ether phase. The solu- 
tion was aerated and the volume reduced to 15 ce. in vacuo. The yield 
of NR from NMN, based on fluorometric and spectrophotometric measure- 
ment, was approximately 80 per cent. 

Xanthine oxidase was purified as described by Horecker and Heppel (7) 
through the ammonium sulfate step. The preparation of ribose-1-phos- 
phate (R-1-P) is described under “Results.” H;P"O,4 was obtained from 
the Oak Ridge National Laboratory. Dowex-1 formate was prepared as 
previously described (8). 

Determinations—NMN was determined fluorometrically (9) and NR was 
measured both fluorometrically and spectrophotometrically. A value of 
5.7 & 10° sq. em. per mole was obtained for the extinction coefficient of 
NR at 265 mz on samples in which the nicotinic acid was determined 
chemically (10). 

An accurate and sensitive method for nicotinamide is based on the 
fact that a 50 per cent increase in density at 265 my takes place when 
neutral solutions are acidified to pH 2 or less. This determination is 
feasible when nicotinamide contributes a large share of the absorption at 
265 my and when substances are absent which exhibit a density change 
at this wave-length upon acidification. The density of NR is not altered 
on acidification. 

Orthophosphate was determined by the method of Lowry and Lopez 
(11). Aecid-labile phosphate was the phosphate liberated after 10 minutes 
hydrolysis in 1 ~ HCl at 100° and was determined by the method of Fiske 
and Subbarow (12). Protein was estimated by a modified phenol method 
(13). Hypoxanthine was determined spectrophotometrically by oxidation 
to uric acid with xanthine oxidase (14). 

NR Splitting Activity—The incubation mixture (0.5 cc.) contained 0.05 
cc, of NR (0.003 mw), 0.10 ce. of phosphate buffer (0.1 mM, pll 7.4), and 
enzyme (0.5 to 0.7 unit). After 10 minutes the reaction was stopped by a 


? Purchased from Ross Allen’s Reptile Institute, Silver Springs, Florida. 
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%-fold dilution with ice-cold water and an aliquot (0.2 cc.) was immedi- 
ately assayed fluorometrically. A unit of enzyme activity was defined 
as the amount causing the cleavage of 1 um of NR in 1 hour. Specific 
activity was defined as units per mg. of protein. 

Inosine Splitting Activity—The incubation mixture (0.5 cc.) contained 
0.05 ec. of inosine (0.005 m), 0.10 ce. of phosphate buffer (0.1 mM, pH 7.4), 
and enzyme (0.5 to 0.7 unit). After 10 minutes at 38° the incubation 
mixture was placed in a boiling water bath for 2 minutes and then trans- 
fered quantitatively to a cuvette for hypoxanthine estimation. The en- 
yme unit and specific activity were defined as for NR splitting. 


Results 


Purification of Enzyme—10 gm. of beef liver acetone powder (2) were 
extracted with 100 cc. of 0.1 a NasHPO, for 10 minutes with gentle shak- 


Taste I 
Purification of Enzyme 
units me. per ce. 

I. Crude extract ............. 6912 20.2 4.3 

II. Ammonium sulfate. ........ 3159 21.0 11.5 
Caleium phosphate gel eluate 1890 0.17 162.0* 
IV. Alumina gel eluate............ 1140 0.067 255.0 


*In repeated preparations the specific activity of this fraction varied between 
144 and 180 units. 


ing. This and subsequent operations were carried out at 2°. To 80 ee. 
of extract (Table 1) were added an equal volume of 0.1 M acetate buffer, 
pH 5.0, and 48 gm. of ammonium sulfate. After 10 minutes the precipi- 
tate was removed by centrifugation and 12 gm. of ammonium sulfate were 
added to the supernatant. The resulting precipitate was collected in the 
centrifuge and dissolved in 13 ce. of water (Fraction IL). 

This fraction was diluted with water to 45 ml. and treated with 52 ce. 
of aged calcium phosphate gel (15) (10 mg., dry weight, per cc.). The 
gel was collected by centrifugation and washed once with 65 ce. of water, 
and the enzyme was eluted twice with 32.5 ec. portions of phosphate 
buffer (0.005 mM, pH 7.5) (Fraction IIL). 

The addition to 65 ec. of Fraction LIL of 6 cc. of O.1 M acetate buffer, 
pH 5.0 reduced the pH to 6.2.0 14.2 ce. of alumina gel Cy (16) (1.6 mg., 
dry weight, per ce.) were added. The gel was collected in the centrifuge 
and washed with 71 ce. of water; the enzyme was eluted with two 35.5 
ce. portions of 0.02 Mm phosphate buffer, pH 7.5. ‘This tinal fraction repre- 
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sents a 60-fold purification over the crude extract, with a yield of 17 per in 
cent. 

Orthophosphate in Fraction III (1.0 ec.) was removed by treatment with na 
0.1 ec. of a thick suspension of Dowex-1 formate resin. After gentle agita- 
tion for 1 to 2 minutes, the resin was removed by centrifugation. The ~ 
supernatant contained less than 0.06 um of orthophosphate per cc. rte 


TaB.e II phos 

Phosphorolysis of Nicotinamide Riboside 
The incubation mixture (3.0 ec.) contained 0.15 mg. of Fraction III, 0.2 ce. of 
glycylglycine buffer (0.25 m, pH 7.4), and the indicated amounts of NR and phos. 


phate. The values are expressed in micromoles. T 
Afte 

min acid 
I 0 0.48 0.76 0.00 0.00 the | 
pa 0.32 0.61 0.19 0.14 of D 
A —0.16 —0.15 +0.19 +0.14 form 
| 
II 0 1.90 3.26 0.00 0.00 Volu 
| 0.20 1.93 1.53 1.83 
A —1.70 | —1.33 +1.53  +1.33 
Ill 0 | 1.90 | 2.73 0.00 | 0.00 
20 30.15 | 1.72 1.62 | 
1 ~1 62 +1.72 | +1.62 
IV 0.00 0.00 
20 0.93 1.82 2.50 2.38 
| | -2.38 | +2.50 +2.38 
0 | 9.30 | 25.0 | 
1.80 | 
a | |  +6.80* the 
* 6.80 wat of NaOll were required to restore the original pH of 7.40. om 


Phosphorolysis of NR—Evidence for Equation 1 is provided in Table | die; 
Il. At several concentrations of NR the disappearance of the nucleoside | By 
is accompanied by the removal of molar equivalents of orthophosphate | jeg 
and the appearance of stoichiometric amounts of nicotinamide and acid- | py 
labile phosphate. Experiment V indicates stoichiometry in the release | tio 
of hydrogen ions. the 

7A small column (1.5 em. X 1 sq. em.) of Dowex-1 formate leaves no detectable Ars 
orthophosphate (<0.02 ua) when a solution containing 400 ya phosphate has been | hib 


passed through it. The replacement of phosphate by formate results in only 4 | wa; 
slight increase in pH. 
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The presumption that the acid-labile phosphate ester was R-1-P was 
supported by isolation of the ester by ion exchange chromatography (Table 
III). Radioactive orthophosphate was used as a convenient means of 
detecting the position of phosphate-containing fractions. Approximately 
9) per cent of the acid-labile ester appeared as a sharp fraction after about 
12 column volumes of eluate and was distinctly separated from the or- 
thophosphate fraction. Analysis indicated a ratio of pentose to acid-labile 
phosphate of 1.07. This experiment also served as a demonstration that 


III 
Isolation of Ribose-1-phosphate by Ion Exchange Chromatography 

The incubation mixture (18.0 cc.) contained 15.0 cc. of NR (0.00217 m), 0.6 cc. 
of phosphate buffer (0.1 m, pH 7.4), 1.1 cc. of glycylglycine buffer (0.25 m, pH 7.4), 
1.5 cc. of Fraction III, and 0.1 cc. of dilute H,;P**O, (containing 1.14 X 10’ c.p.m.). 
After incubation for 85 minutes at 40° the ratio of densities at 265 my in neutral and 
acid solutions had reached a constant value of 0.67. The mixture was chilled and 
the 16.0 cc. that remained were adsorbed at 2° on a column (9.5 cm. X 1 sq. em.) 
of Dowex-1 formate, washed with 10 cc. of water, and eluted at 2° with 0.1 m sodium 
formate buffer, pH 5.0. The flow rate was approximately 0.5 cc. per minute. 


Volume through column Radioactivity Orthophosphate Acid-labile phosphate 
ce. 104 ¢.p.m. uM uM 

0-103 0 0.0 0.0 

103-115 1.2 0.6* 0.0 

115-127 316 0.9* 24.3 

127-139 1.1 0.0 

139-151 3.4 0.6* 

151-163 119 8.8 

163-175 485 33.6 

175-187 120 9.1 

187-199 4.2 


* These low values are not analytically reliable. 


the phosphorolysis of NR went readily to completion with only a 2-fold 
excess of orthophosphate. 

The influence of the concentrations of NR and orthophosphate is in- 
dicated in Fig. 1. The Michaelis constants determined by Lineweaver- 
Burk plots (17) of these data indicate values of 1.1 X 10-* and 2.8 X 10-*m, 
respectively. The dependence on orthophosphate could be made absolute 
by removal of traces of orthophosphate from the NR and enzyme prepara- 
tions by treatment with Dowex-1 formate. In the presence of excess NR, 
the complete removal of added orthophosphate has also been demonstrated. 
Arsenate was less effective than phosphate and was also somewhat in- 
hibitory. In an experiment under standard test conditions, NR splitting 
was 57 per cent and with phosphate omitted it was 8 per cent. At the 


7 per 

with 
zita- 

The 

3 

ce. of 

phos. 
en jon 

able 
side 

ate 
cid- 

ase 

ible 
een 

ya 


502 NICOTINAMIDE RIBOSIDE 


same molar concentration of Na,HAsQ,, NR splitting was 30 per cent and 
with both arsenate and phosphate present it was 39 per cent. 

Synthesis of NR—Since the hydrogen ion enters as a reactant into the 
synthesis of the nucleoside, initial studies were made at pH 6.0 rather 
than at more alkaline and optimal pH levels. However, there was rapid 
inactivation of the enzyme at this low pH value. Thus when apparent 
equilibrium had been reached, a further addition of enzyme resulted in a 
prompt initiation of further NR synthesis. It also appeared that high 
concentrations of nicotinamide (0.1 to 0.5 m) were inhibitory. Another 
source of difficulty was the presence of traces of a contaminating enzyme 
in the purified preparations which converted ribose-1-phosphate to a stable 
phosphate ester. This mutase action prevented the attainment of a stable 
equilibrium (Fig. 2, Experiment 3). On the basis of a report by Abrams 
and Klenow (18), that phosphoribomutase in liver extracts is removed 
by surface denaturation, Fraction III was thoroughly aerated.‘ This pro- 
cedure effectively removed the phosphoribomutase without significant im- 
pairment of NR phosphorylase action. Stable equilibria were obtained 
with aerated enzyme at hydrogen ion concentrations of 1 xX 10-° and 
4 X 10-* m and nicotinamide concentrations of 0.025 and 0.05 m (Fig. 2, 
Experiments 1, 2, and 4). The addition of fresh enzyme at a point beyond 
50 minutes did not alter the concentration of NR. Values for the equilib- 
rium constant 


(NR) [orthophosphate] 


(2) (nicotinamide) (R-1-P) (H*) 


were 9.2, 10.0, and 14.3. 

Other Properties of Enzyme—Fractions LI and LII lost no activity after 
storage for several weeks at —10°. The pH optimum of the enzyme was 
approximately 8 (Fig. 3). The purified preparation did not decrease the 
fluorescence of NMN, DPN, TPN, and methylnicotinamide, nor were 
there any inhibitory effects of these compounds at equimolar concentra- 
tions on the rate of NR splitting (Table IV). 

Phosphorolysis of Inosine—-The purified enzyme fractions were active 
in the phosphorolysis of inosine, and, in addition, inosine markedly in- 


hibited NR phosphorolysis. While the question as to whether one enzyme | 


is responsible for both activities has not been settled, available evidence — 
does suggest identity. The ratio of specific activities of NR and inosine — 


splitting for Fractions I, Il, and IIL were 1.3, 1.4, and 1.8, respectively. 
The Michaelis constant (Ks) for inosine was shown to be 1.3 K 10°° ™ 
* 10 cc. of Fraction IIL in a 2.5 X 40 em. test-tube at 0° was aerated for 30 minutes 


at a rate sufficient to maintain continuous movement of films of the solution to the 
top of the tube. 
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Fic. 1. Substrate affinities of NR, orthophosphate, and inosine for the enzyme 
The curves describing the influence of phosphate refer to the rate of NR splitting 
0.74 unit of enzyme was present in the NR and phosphate experiments and 0.37 unit 
in the inosine experiment; other test conditions as under ‘‘Methods."’ The lower 
curves are plotted according to Lineweaver and Burk (17). 
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TIME-MINUTES 
Fig. 2. Attainment of equilibrium in the synthesis of NR. The incubation 
mixtures contained 36 units of Fraction III (aerated in Experiments 1, 2, and 4 
and unaerated in Experiment 3). 0.05 m glycylglycine buffer and the concentra- 
_ tions indicated below expressed in micromoles per ce. 
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2 | «xe | OM | 0.22 

25 lo 03 | 0.00 
4 25 1x Wwe 0.23 0.23 0.21 


| 

ive 

in- 

me 

e 

ine 
y. 

tes 

the 


504 NICOTINAMIDE RIBOSIDE 


as compared with a value of 1.7 X 10~* m obtained by Friedkin and Kalecky 
(19). The affinity of inosine as an inhibitor of NR phosphorolysis wy 
determined at several concentrations of inosine (Table V) and also x 


RATE-UNITS PER CC 


4 10 
pH 
Fic. 3. NR phosphorolysis as a function of pH 


Taste IV 
Enzyme Specificity among Pyridinium Compounds 
The incubation mixture (0.5 cc.) contained 0.004 mg. of Fraction III, 0.1 ce. of 
phosphate buffer (0.1 m, pH 7.4), and the indicated amounts of substrates. Th 
values are expressed as micromoles of pyridinium compound split according to fluo 
rescence measurements. 


| NR | NMN | DPN TPN 
Addition 016 0.15 | 0.15 | 0.15 | 0.15 
Amount split 0.110 0.006 0.010° | 0.000 0.000 
Addition NR (0.08) «0.075 
Amount split 0.065 | 0.065 0.072 | 0.067 | 0.071 
* This value did not increase on prolonged incubation. 
Taste V 
K, of Inosine for NR Splitting 


The incubation mixture (0.50 cc.) contained 0.19 ua of NR, 0.10 cc. of phosphate 
buffer (0.1 mu, pH 7.4), inosine as indicated below, and 0.0034 mg. of Fraction IIL. 


Ky = 1.07 10-4; Ky Kgl 


Inosine, K 10 6.0 on 1.10 2.™ 
NK splitting, per cx 10.9 as 
K,, moles per l. X 10° 3.2 3.1 48 


various levels of NR (Fig. 4) and was found to be approximately 3.5 « 10° 
Mm. Since the experimental conditions under which the K. and K, values 
were, for technical reasons, different, it is difficult to evaluate properly the 
disparity between them. 


Co 


detec 
bed 

30 

@ 

15 
Fi 
NR 
x 
sere 
ext 
dise 
resu 
of 
wat 
0.1 
ther 
The 
NR 
AT 
NR 
NR 
Nie 


5 We 


J. W. ROWEN AND A. KORNBERG 505 


Conversion of NR to NMN—The formation of NMN from NR was 
detected by carrying out the incubation in the presence of partially puri- 
fed DPN-synthesizing enzyme (2) and estimating the amount of DPN 


e@NR ALONE 
INOSINE 


RECIPROCAL OF RATE 
sa 


(S02 04 06 08 10 12 14 16 18 


S=MOLAR CONCENTRATION x 10* 
Fia. 4. Inhibition of inosine (at a single concentration) of the phosphorolysis of 
NR (at several concentrations). KA, of inosine = 3.3 X 10°° uM; Ay of NR = 1.1 
x 10°? 


Taste VI 
Synthesis of NMN 

The enzyme was prepared as follows: 10 gm. of hog liver acetone powder (2) 
were extracted with 100 cc. of 0.1 « Na;HPO, for 10 minutes at 23°. To 83 ce. of 
extract were added 19 gm. of ammonium sulfate and the resulting precipitate was 
discarded. 8.3 gm. of ammonium sulfate were added to the supernatant and the 
resulting precipitate was dissolved in water to a volume of (Fraction A) 19 ce. 16 
ce. of Fraction A were diluted to 80 cc. with acetate buffer (0.1 uw, pH 5.0). 18 gm. 
of ammonium sulfate were added and the resulting precipitate was dissolved in 
water to a volume of 4.0 cc. (Fraction B). The incubation mixture (1.3 ce.) con- 
tained 0.2 mg. of DPN-synthesizing enzyme purified from liver (2), 0.05 ce. of MgCl, 
(0.1 u), 0.10 ce. of phosphate buffer (0.5 wu, pH 7.0), 0.30 ec. of Fraction B, and fur- 
ther additions as indicated. After 40 minutes at 40°, 0.07 ec. of 70 per cent per- 
chlorie acid was added and the neutralized supernatant was assayed for DPN (2). 
The The DPN determined is a minimal « estimate of the NMN sy nthesized. 


NMN formed 
ATP 2.5 pst 0.000 
NR 10 + ATP 2.5 0.047 
NR* 1.0 ym + ATP 2.5 0.000 
Nicotinamide 2.0 gw + ATP 2.5 ow + R. 1-P OS um + ribose-5- | 
os 0.000 


Ensyme (Fraction B) was omitted. 
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produced. With crude ammonium sulfate fractions from extracts of hog 
liver acetone powder, NMN synthesis was observed only when NR and 
ATP were both added (Table VI). NR could not be replaced by th 
combined addition of nicotinamide, R-1-P, and ribose-5-phosphate. 


DISCUSSION 


The present studies indicate a mechanism for the enzymatic synthesis 
of NR. The fact that the pathway of NMN synthesis by way of NR 
(Equation 3) has been demonstrated does not, of course, preclude the 
(3) Nicotinamide + R-1-P + H* = orthophosphate + NR* “TE. 
operation of other and perhaps more active systems. It is possible, for 
example, that nicotinamide might react with ribose-1 ,5-diphosphate to 
form the nucleotide directly. 

There are some noteworthy features concerning the phosphorolysis of 
NR. Conversion of the strongly basic pyridinium group of NR to th 
weakly basic nicotinamide in a solution buffered at a near neutral pil 
results in the liberation of a hydrogen ion. By fixing the hydrogen io 
concentration at a very low value (7¢., 10 M), a strong force is imposed 
to displace the equilibrium in the direction of phosphorolysis. At pli §, 
phosphorolysis of NR is, within experimental limits, essentially complete. 
Since the affinity of orthophosphate for the enzyme is relatively high 
(Ks = 3 * 10~ M) and since the presence of an excess of NR permits 
complete esterification of the orthophosphate, this reaction provides 
unique means for detecting and trapping orthophosphate in rather low 
concentrations. 

Detection of the synthesis of NR from R-1-P and nicotinamide, even 
at neutral pil, was made possible by the extremely sensitive fluorometre 
method of Huff and Perlaweig (9). The value obtained for the equilib 
rium constant (Equation 2) was approximately 10 as compared with 4 
value of approximately 16 obtained by Kalekar for purine nucleoside syn- 
thesis. That the values are so close is remarkable in that the hydrogen 
jon concentration, as an additional term in the constant, ix a very large 
factor (10° mM). ‘This agreement is taken as an indication of similarity in 
the energies of the glycosidic bonds of nicotinamide and purine nucleosides 
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1. An enzyme has been partially purified from extracts of hog liver 
acetone powder and shown to catalyze the reaction 
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2. The equilibrium constant of this reaction was observed to be ap- 
proximately 10 and, by comparison with the value of 16 obtained by 
Kalekar for the synthesis of inosine, suggests a similarity in the energies 
of the glycosidic bonds of pyridinium and purine nucleosides. 

3. Phosphorolysis of nicotinamide riboside proceeds to completion in 
solutions buffered at neutral pH. Ribose-1-phosphate was isolated in near 
quantitative yield by anion exchange chromatography. The absolute de- 
pendence on orthophosphate and the strong affinity of the enzyme for it 
provide a means for detecting and trapping orthophosphate in relatively 
low concentrations. 

4. The purified enzyme preparations did not act upon related pyridinium 
compounds but did phosphorolyze inosine. Some indications were ob- 
tained that a single enzyme was responsible for the phosphorolysis of 
nicotinamide riboside and inosine. 

5. The synthesis of nicotinamide mononucleotide from nicotinamide ri- 
boside was observed in the presence of ATP and crude liver fractions. 
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Preliminary to a study of various pathological thyroid states, it was 
considered necessary to investigate first the carbohydrate metabolism of 
the normal gland. Also, it was thought that the information gained re- 
garding the function and energetics of the normal gland might eventually 
provide an insight into the mechanism of formation of the hormone, 
thyroxine. 

Although numerous studies related to thyroid function have appeared 
in the literature, little is known of the pattern of carbohydrate utilization 
in this gland. Values for oxygen consumption (1) and the influence of 
goitrogenic and related compounds on the cytochrome oxidase activity of 
surviving thyroid slices (2) have been reported. That several enzyme 
systems involved in carbohydrate metabolism are present in the thyroid 
gland has been demonstrated by means of chemocytological procedures (3). 

Because of the important role of the thyroid gland in regulating the 
rate of cellular metabolism, considerable effort in the past has been spent 
in studying the effects of thyroxine separately and in conjunction with 
the thyrotropic hormone of the pituitary gland in biological oxidations. 
Within the large volume of data that have accumulated, varying results 
have been reported as to the capacity of thyroxine (4-9) and thyrotropic 
hormone (!0-12) to exert a stimulative effect when added to isolated 
surviving tissues. 

It is the purpose of this investigation to study the carbohydrate metab- 
olism of the normal thyroid gland and to reexamine the hormonal effect 
on respiration. 

EXPERIMENTAL 


Preparation—Mature steers' were killed by exsanguination. In a few 
experiments the animals were first stunned by a blow on the head before 
being bled. Both lobes of the thyroid gland were rapidly excised, placed 
in a wide mouthed bottle containing the suspending medium to be used 

* This work was aided in part by a grant from the Kresge Foundation. 

‘We wish to express our gratitude to Mr. Emil Hofman of the Hygrade Food 
Products Corporation, Detroit, Michigan, for making available a generous supply 
of material. 
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in the experiment, and conveyed from the abattoir to the laboratory in a 
Dewar flask packed with cracked ice. The gland was trimmed of ad- 
herent fat and connective tissue, and then slices were prepared with a 
Stadie-Riggs microtome. In the homogenate studies, the trimmed gland 
was blended for 1 minute in a Waring blendor with 4 parts of 0.05 m phos- 
phate buffer, pH 7.4, and promptly used after being filtered through a 
double layer of cheese-cloth. Approximately | hour elapsed from the 
time the gland was removed from the animal until the tissue was ready for 
incubation. 

Substrates and other factors were added to the tissue from the side arm 
after a 10 minute equilibration period. Acidic components were brought 
to pH 7.4 with either 0.3 nN NaOH or 0.1 m K,CO,. In the slice experi- 
ments, all substrates were employed in a final concentration of 0.033 wu; 
the suspending medium was Ringer-phosphate solution unless otherwise 
indicated. At the end of the experimental period the slices were removed, 
pressed free of salt solution, and dried to constant weight for 24 hours in 
an oven at 110°. Nitrogen analyses were performed on the dried tissue. 
Generally, oxygen consumption was measured at 30 minute intervals for | 
hour at 38° by means of a Summerson differential manometer. 

Methods—Adenosinetriphosphate (ATP) and oxalacetic acid were ob- 
tained as outlined in Umbreit ef al. (13). The purity of the ATP was 91 
per cent as assayed by the acid-labile phosphorus released in 7 minutes at 
100°. Crystalline sodium pyruvate was prepared from the corresponding 
commercial acid by the procedure of Robertson (14). The sodium salts 
of fructose-6-phosphoric and fructose-1 ,6-diphosphoric acids were pre- 
pared by dissolving the commercial products in 0.1 N HCl, decolorizing 
with norit, and centrifuging after the addition of saturated NaSO, in 
slight excess. The supernatant liquid was used after neutralization with | 
nN NaOH. Ina few experiments, the fructose-1 ,6-diphosphate was further 
purified (15). Acetoucetic acid was derived from the corresponding ester 
(16). Cytochrome ¢ was prepared from fresh horse heart (17), and stand- 
ardized spectrophotometrically. In the final step of dialysis of the 
cytochrome c against distilled water, the time was considerably shortened 
by using a mechanical dialyzer with a Cramer synchronous motor made 
by the American Instrument Company (18). Diphosphopyridine nu- 
cleotide (DPN) was a commercial product (Schwarz), assaying 54 per cent 
in the Beckman spectrophotometer. DPN which had been prepared from 
bakers’ yeast (19) and which assayed 41 per cent was also used. The 
cortisone, obtained as a saline suspension, was employed in alcoholic solu- 
tion. The hormone concentration was adjusted by the addition of the 
required amount of 50 per cent ethanol, The thyrotropic hormone was 
prepared as an aqueous solution and used directly. 
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The hormone preparations were obtained as follows: pi-thyroxine from 
the Delta Chemical Works, thyrotropic hormone from Parke, Davis and 
Company, and cortisone from Merck and Company. All other materials 
employed were of reagent grade. 

Glucose was determined by the Nelson (20) method, and fructose and 
its esters by the procedure of Roe (21). The method of Barker and Sum- 
merson (22) was used to estimate lactic acid. Analyses for pyruvate, 
a-ketoglutarate, oxalacetate, and total keto acids were made according 
to Friedemann and Haugen (23). Citric acid was measured according to 
the method of Perlman, Lardy, and Johnson (24) as modified by Speck, 
Moulder, and Evans (25). Amino acids were determined according to 
Frame, Russell, and Wilhelmi (26). Tyrosine analyses were performed 
on metaphosphoric acid filtrates (27) by the method of Bernhart (28). 
Adenosinetriphosphatase (ATPase) activity was measured by the pro- 
cedure of DuBois and Potter (29); the liberated inorganic phosphate was 
determined by the method of Lowry and Lopez (30). 


Results 


Oxygen Quotient—It was occasionally observed in these experiments 
that a considerable variation in the Qo, attended the incubation of slices 
prepared from the same gland. This was attributed to trauma, presum- 
ably arising from the unequal handling and cutting of the tissue during 
its preparation into slices, or to the fact that not all parts of the gland 
function to an equal extent at the same time, which has been demon- 
strated with the Geiger-Miller counter on intact humans or dogs and by 
means of autoradiography (31). In Table I are presented Qo, values for 
thyroid tissue obtained from normal animals. It is seen that the Qo, of 
steer thyroid lies in the region of 3.0. In order to ascertain how the Qo, 
is affected, the conditions of the experiment were varied. Starting with 
the suspending medium, it was found that incubation in Ringer-bicar- 
bonate or phosphate buffer (pH 7.4) solution produced no effect on the 
rate of respiration. A change in the gas phase from air to pure oxygen 
gave similar results. The addition of various substrates from the glyco- 
lytie and tricarboxylic acid eveles to the medium also failed to show any 
Significant change in the oxygen consumption. 

In consideration of the effect of castration upon the rate of oxygen 
utilization, a comparison with other members of the species disclosed that 
little difference appeared in the Qo, values of thyroid from bull, cow, 
heifer, or calf. In the same manner, no significant change is observed 
with slices, containing blood elements, from glands of animals which were 
first stunned before being sacrificed. 

Since the thyroid is infiltrated to a large extent with such non-respira- 
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tory elements as follicular colloid and connective tissue, the expression of 
the Qo, as a function of the dry tissue weight was checked by employing 
another tissue referent. That the Qo,, when measured on a dry weight 
basis, is representative of the active components of the tissue is essen. 
tially confirmed by agreement with similar calculations based on the total 
nitrogen content. 

The respiratory quotient was determined by the “direct” and “indirect” 
methods of Warburg and by the differential method of Summerson; the 
values, corrected for bound CO, and representing the average of triplicate 
determinations, are 1.07, 1.16, and 0.97 respectively. The suspending 


Taste I 
Oxygen Consumption of Beef Thyroid Slices 
Animal | Qo, 
(stunned; see text)... 3.4 
Cow | 3.8 
Heifer 2.7 
Steer’ 2.8 | 24.4 
; | 3.0 | 25.4 
3.3 28.9 


* Microliters of oxygen taken up per mg. of dry tissue per hour. 

t Microliters of oxygen taken up per mg. of tissue nitrogen per hour. 
$ Average obtained from thirty-four experiments; range, 1.9 to 5.0. 

§ In an atmosphere of pure oxygen, 2.7 wl. of oxygen were taken up. 
| Slices prepared from separate glands. 


medium was Ringer’s solution. It was observed that slices were able to 
respire at a sustained rate in the absence of added substrate. After more 
than 10 hours, the oxygen consumption gradually begins to decline. It 
may be that the ability of the slice to respire for such long periods is re- 
lated to the slow rate of utilization of its metabolites. 

Aerolne and Anaerolic Glycolysis—Vhe production of lactate was studied 
with slices incubated in an aerobic and an anaerobic environment, and it 
was found that no lactate was formed in excess of the controls under either 
set of conditions. Warren and Ebaugh (32) studied the influence of 
various jons on the anaerobic glycolysis of rat liver slices. In view of 
their findings, a medium of the same ionic composition that was employed 
in their experiments was tried. The results were essentially the same as 
those previously obtained, even in the presence of added glucose, fructose, 
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or a-glycerophosphate. The small amount of lactate which consistently 
appeared in the suspending medium (5 to 10 y per mg. of dry tissue) is 
probably due to “leakage” from injured or broken cells incurred during 
the preparation of the slice. 

Effect of Added Substrates—It was mentioned earlier that the addition 
of a number of carbohydrate intermediates failed to influence the respira- 
tory rate. The following compounds were tested and found to be without 
effect: glucose, glucose-1-phosphate, fructose, fructose-6-phosphate (F6P), 
fructose-1 ,6-diphosphate (HDP), a- and 8-glycerophosphates, lactate, 
pyruvate, citrate, a-ketoglutarate, succinate, fumarate, malate, oxalace- 
tate, acetate, acetoacetate, butyrate, glycine, alanine, glutamate, tyrosine, 
and 3,5-diiodotyrosine. Pyruvate (33) and citrate were used in a cal- 
cium-free medium. The above compounds in various combinations were 
also ineffective. Chemical analyses for the substrates added to the 
medium were entirely in agreement with the manometric observations. 
Although it is known that certain hexose phosphates and C, acids are 
inert to a variety of cells and tissues (34), this explanation for the results 
observed seemed unlikely on the basis of the importance and number of 
the compounds examined. It appeared more reasonable to suppose that 
the tissue is saturated with its own metabolites and therefore, as a con- 
sequence of the greater access, preferentially utilizes them. It was 
thought that, if the tissue were allowed to respire long enough to exhaust 
its foodstuffs, then the addition of substrate might result in its utilization, 
with an increase in the oxygen uptake, provided that the integrity of the 
tissue remained intact throughout the given period. Such an attempt, 
however, proved unsuccessful, since, in a series of experiments in which 
the substrates were added to the tissue when the oxygen uptake was less 
than 20 per cent (after 11 to 13 hours for a 15 mg. slice, dry weight) of 
the first hour reading, in no case was an increase in the respiratory rate 
observed. Instead, the respiration diminished at the same rate as in the 
absence of substrate. 

Effect of Various Compounds on Respiration—Several compounds, whose 
effect on respiration is well known, were tested; however, their use on a 
heterogeneous system such as a tissue slice yields information primarily of 
a general nature. Of the compounds examined (Table I1), an appreciable 
inhibition is exerted by iodoacetate and cyanide, whereas with cysteine 
and sulfide there isa marked stimulation. The presence of sulfhydryl and 
iron-containing enzymes is in accord with these results. Thioeyanate and 
thiouracil were examined because of their goitrogenic action in the intact 
organism. Despite the comparable oxidation-reduction potential of cys- 
tee and sulfide, their effect on respiration is of unequal magnitude. 
Moreover, the pronounced increase in the oxygen consumption in the 
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presence of sulfide is of interest in view of its inhibitory effect on 
cytochrome oxidase. 

Carbohydrate Balance-—-Since the methods employed thus far revealed 
little as to the nature of the compounds being utilized within the thyroid 
cell, the following experiment was conducted; the procedure of Lyman 
and Barron (35) was adopted with a few modifications. Approximately 
400 mg. of slices (wet weight) were added to 25 ml. Erlenmeyer flasks con- 
taining 5 ml. of Ringer-phosphate solution. In the early experiments, 
the flasks were charged with 95 per cent O.-5 per cent CO,; however, this 
step was found unnecessary since similar results were obtained in the 

Tasie Il 
Effect of Various Compounds on Respiration of Steer Thyroid Slices 
Final concentration of compounds 0.033 m unless otherwise indicated. 


Compound Qos* — 
None..... 3.0 
| 3.3 
Iodoacetate (3.3 X 10°? . 1.6 —47 
3.5 
2.9 


° Each value is an average of duplicate determinations. 
t Alkali-cyanide mixture for center well, as in Umbreit et al. (13). 


presence of air. The flasks, open to the atmosphere, were then placed in 
a metal rack and shaken for 4 hours in a constant temperature bath at 
38°. After the incubation period, the reaction was stopped by the addi- 
tion of 1 ml. of 5 nN H,SO, and the contents of each flask digested for 3 
hours on a steam bath. During the early phase of digestion, the slices 
were macerated with a stirring rod to aid solution of the tissue. The 
digested contents were quantitatively transferred to 25 ml. volumetric 
flasks, and, after dilution to the mark, poured into 250 ml. beakers con- 
taining 4 gm. of BaCO;. The contents of each beaker were swirled, and, 
if the solution were still acidic when the evolution of CO, ceased, more 
BaCOy was added. The BaSO, was removed by centrifugation and anal- 
yses were performed on aliquots of the neutral supernatant fluid. 
Although no detailed fractionation of the mixture was undertaken, it 
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was believed that a general trend would be indicated in so far as the com- 
pounds determined probably represent the bulk of the carbohydrate con- 
stituents present in the tissue. The results of a typical carbohydrate 
balance experiment are shown in Table III. It is evident that lactate is 
the only metabolite of those determined which undergoes disappearance. 
Hormonal Effect on Respiration—The influence of thyroxine, thyrotropic 


Taste III 
Carbohydrate Balance of Steer Thyroid Slices 
Non-incubated® Incubated 
Metabolite determined 

| Sample 1 Sample 2 Sample Sample 2 

7 7 7 7 
“Apparent”’ glucose. 465 405 35 450 
Total hydrazones. ....................005. 85 87 | 80 | 90 


All values based on 500 mg. of wet tissue; dry weight, 10 per cent of wet weight. 
For “apparent fructose” and citrate the concentration was too low for measurement. 
* Samples inactivated at zero time. 
Tasie IV 
Hormonal Effect on Respiration of Steer Thyroid Slices 
Final concentration of hormone indicated in parentheses. 


| Qo, for successive brs. 
Hormone = 
| te | ane sed ath Sth 
None. .... | 2.8 | 2.9 2.9 a8 | of 
Thyroxine (3.3 X 10°? 2.6 2.7 2.5 
Thyrotropict (0.066%)... | 29 | 29 3.0 2.9 2.7 
Cortisone (0.083%)............... 3.1 3.0 3.1 2.9 2.9 


© Hormones added to tissue at the beginning of the hour. 
t Assay, 6 to 8 units per mg. 


hormone, and cortisone on the rate of respiration was examined. In the 
experiments which follow, the same slice was employed in both a control 
and test capacity. This eliminated the conventional use of two groups of 
slices; t.e., a control and test group from which average results are cal- 
culated and compared. In this manner, the variations inherent among 
individual slices are avoided and the results are reported as a function of 
a single slice. Obviously, this approach was made possible by the char- 
acteristic behavior of the slice in carrying on respiration at a sustained 
and linear rate. In Table IV Qo, values are given for 5 successive hours. 
The Ist hour is in the absence of hormone and thus serves as a control 
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reading. In the hours which follow with hormone present, it is seen that 
the Qo, readings remain practically unchanged. It has been assumed 
that, if an elapse of time or “induction period” is necessary before the 
activation effect can occur, it would be detected during the observed ex- 
perimental period. 

Homogenate Requirements—By employing homogenates supplemented 
with the necessary cofactors, it was believed that most of the difficulties 
encountered previously with the slice in obtaining the utilization of added 
substrate would be obviated. Preliminary tests with a number of sub- 
strates involved in the sequence of oxidations in the carbohydrate cyele 
revealed that oxygen uptake was obtained with homogenates fortified 


TABLE V 
Optimum Conditions for Utilization of Fructose-1,6-diphosphate 
The data for each component added were obtained from separate experiments. 
The concentration of each component was varied and all the other components 
were held constant and at their optimum concentration. 


Or _ Or uptake | On uptake On uptake 

Cytochromec  perflask DPN per flask ATP per flask HDP per flask 
| orm. | perhr. | | per hr. per hr 

axire pl. «per cent pl. | pl. | pl. 

0 18 | 0 50 0 eee 42 
2.3 1600.25 166 0.0088 19% 0.05 121 
3.8 208 0.50 178 0.0176 22 0.10 163 
7.6 202 1.0 202 0.0352 29 21 
2.0 198 | 0.30 


*0.1 ml). of 0.2 M nicotinamide present in addition to the other components of 
the reaction mixture. 


with cytochrome c, DPN, and ATP. Since, of the compounds examined, 
the greatest activity was obtained with HDP, it was used as the substrate 
in establishing the optimum conditions of the system. Data are pre- 
sented in Table V showing the effect of concentration of the various co- 
factors on the oxygen uptake. It is evident that with the omission of 
either cytochrome c, DPN, ATP, or HDP the oxygen consumption is con- 
siderably reduced. The addition of nicotinamide in varying concentra 
tions to the complete system produced no noticeable effect on the rate of 
respiration. The optimum concentration of the components of the final 
reaction mixture is as follows: 1.5 ml. of 20 per cent homogenate, 0.5 ml. 
104M eytochrome c, ml. of per cent DPN (54 per cent 
purity), ml. of 0.0196 M ATP, 0.2 ml. of 0.2 Mm TIDP, and toa 
final volume of $0 ml The center well contained 0.2 ml. of 20 per cent 
KOW. ‘This system was used all of the subsequent experiments in 
regard to changing the substrate or adding other faetors. In either case, 
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the concentration of substrate and the final volume of the reaction mix- 
ture were maintained the same. The oxygen uptake of the system is 
linear with the optimum concentration of cofactors during the first 45 
minutes, after which the rate of uptake begins to decline. 

Effect of Different Media and Storage—The effect on the activity of 
homogenates prepared in various suspending media was examined with 
HDP as substrate. In previous studies, H,O homogenates have been 
employed in the determination of the malic dehydrogenase (36) and glyco- 
lytic (37) systems, whereas isotonic homogenates were demonstrated to 
be more suitable in the oxidation of oxalacetate (38) and oetanoate (39). 
Potter et al. (38) state that the cytoplasmic particles of isotonic homo- 
genates appear to be functionally different from the particles present in 
water homogenates. Thyroid homogenates of 20 per cent concentration 
were prepared in 0.05 mM phosphate buffer, (pH 7.4), distilled water, and 
isotonic KCI; the microliters of oxygen taken up per mg. of tissue nitrogen 
per hour were 26.6, 20.4, and 15.8 respectively. Each value represents 
an average of duplicate determinations. It is seen that the greatest oxy- 
gen uptake occurs with hypotonic phosphate buffer. The greater degree 
of cytolysis that would be expected to occur with the use of H,O in the 
preparation of the homogenate probably accounts for its greater activity 
as compared to the homogenate prepared with isotonic KCl. A compari- 
son of the water and hypotonic phosphate homogenates immediately re- 
fects the importance of inorganic phosphate. 

Storage of the homogenate for 24 hours at 5° results in a progressive 
loss in oxygen consumption with the substrates, F6P, HDP, lactate, suc- 
cinate, fumarate, and malate. The loss of activity that oecurs when the 
homogenate is dialyzed at room temperature for 4 hours against phos- 
phate buffer is apparently due to standing, since an undialyzed portion 
of the same homogenate held for an equivalent length of time as that 
taken for the dialysis exhibited a similar loss of activity. It was found 
that, although respiration diminishes with storage, the glycolytic activity 
with either F6P or HDP as substrate is only slightly affeeted. Ina typi- 
eal experiment the oxygen uptake per flask per hour for the fresh homo- 
genate with F6P and HDP as substrates was 168 and 197 al. respectively; 
with storage the uptake correspondingly decreased to 104 and 124 al. 
In the same manner, the lactate formed per flask per hour was 11% and 
l211 y for the fresh homogenate and 1OS6 and LISS y for the stored prep- 
aration. In an attempt to ascertain whether or not the decreased oxygen 
uptake toward F6P and HDP with storage might be associated with the 
inactivation of sulfhydryl groups, the activity of the fresh and stored 
homogenate was determined in the presence of cysteine In each case, 
the same relative loss in activity occurred. 
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Substrates Utilized—The compounds oxidized by the present system are 
shown in Table VI; the system contained the optimum concentration of 
cofactors found for the utilization of HDP. Lactate formation and oxy. 
gen uptake are greatest when either F6P or HDP acts as substrate. In 
the presence of magnesium ions, a considerable increase in the formation 
of lactate from F6P occurs, along with a depression in the oxygen uptake. 
However, if fluoride is added in place of magnesium ions, the reverse 
effect takes place, in which the accumulation of lactate is decreased and 


TaBLe VI 
Oxygen Consumption in Presence of Various Substrates 
0.1 ml. of 0.1 m of either K glutamate, MgCl:, or Na fluoride was added as indi. 
cated; otherwise, the components of the reaction mixture are as described in the 
text. 


| ul. 7 
Fructose-6-phosphate. ilies 212 860 180 
178 1470 123 
+ fluoride... 267 538 15 
Fructose-1,6-diphosphate.... 224 958 196 
a-Glycerophosphate 73 202 19 
Lactate 69 131 
Pyruvate. +17* 129 
Succinate. | 111 76 10 
Fumarate | | | 60 112 26 
Malate ._.. 56 | 113 28 
Lactate + glutamate ae v 110 
Fumarate + glutamate | 102 
Malate + glutamate _. 109 


* The depression in oxygen uptake below that of the control is designated by +. 
the oxygen uptake increased. A net increase, although slight, in both 
lactate and pyruvate occurs when succinate, fumarate, or malate serves 
as substrate. The effect of pyruvate on the oxygen consumption was 
consistently inhibitory. In the presence of oxalacetate, the oxygen up 
take varied, an inhibition being observed in most cases. When lactate 
or pyruvate was incubated with any of the member acids of the cycle with 
the present tissue preparations, the oxygen consumption in the presence 
of both compounds together never exceeded the sum of the values ob 
tained with each compound separately. The increase in oxygen uptake 
when glutamate is incubated with lactate, fumarate, or malate (Table VI) 
is probably due to transamination. The oxygen consumption of the con- 
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trol was due to the oxidation of lactate, which was initially present in 
the homogenate. 

The compounds that were examined but which gave no oxygen uptake 
above the control were as follows: glucose, glucose-1-phosphate, fructose, 
3-glycerophosphate, citrate, a-ketoglutarate, acetate, butyrate, acetoace- 
tate, glycine, alanine, glutamate, tyrosine, and diiodotyrosine. The fatty 
acids were tested under a variety of conditions including the addition of 
magnesium ions and a cooxidant such as malate (39), but with negative 
results. Similarly, the conditions for glucose and fructose utilization were 
also varied. Incubation in an anaerobic atmosphere with the addition of 
either fluoride or increased amounts of ATP was without effect. In order 
to ascertain the extent to which the dephosphorylation of ATP was re- 
sponsible for the observed results with glucose and fructose, the ATPase 
activity of the homogenate was determined. It can be seen from Table 


TaBie VII 
Adenosinetriphosphatase Activity of Steer Thyroid Tissue 
167 y of ATPase phosphorus was present in the incubation mixture. A 10 per 
cent water homogenate was used as the enzyme source. 


Homogenate used Phosphorus liberated in 15 min. 
mil. per cent 
0.1 35.4 
0.2 66.4 


VII that with 0.2 ml. of a 10 per cent homogenate approximately 66 per 
cent of the ATPase phosphorus is cleaved in 15 minutes. Therefore, it is 
likely that the ATP of the reaction mixture exists intact for only a short 
time. However, in the presence of fluoride a significant inhibition of 
ATPase activity is obtained. Meyerhof and Wilson (40) showed that in 
brain preparations most of the dephosphorylating activity toward ATP 
was associated with the structurally bound elements and could be removed 
by moderate centrifugation. Extracts prepared in this manner were ca- 
pable of rapidly phosphorylating glucose or fructose. Thyroid homo- 
genates treated similarly by centrifuging at 3000 r.p.m. failed to show 
any evidence of glucose or fructose disappearance as well as any formation 
of lactate. 

It seems to appear that the high ATPase activity of the homogenate is 
advantageous for the utilization of HDP, for the faster ATP is dephos- 
phorylated the more rapidly can it accommodate the discharge of 
phosphopyruvie acid. In the presence of F6P as substrate, its conversion 
to HDP aids further the rdle of phosphate acceptor by the adenylic system 
through the formation of adenosinediphosphate. Since magnesium ions 
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catalyze the conversion of F6P to HDP, and since fluoride inhibits th 
breakdown of ATP, the results above regarding the formation of lactate 
from F6P are readily explained. 

An examination for the possible occurrence of p- or L-amino acid oxidase 
was made on the basis of the presence of flavin mononucleotide and flavin. 
adenine dinucleotide in thyroid tissue (41). When the procedure of Krebs 
(42) was employed, no activity was found toward pL-alanine with either 
whole homogenates or extracts. 

Effect of Compounds on Glycolysis and Respiration—A number of com- 


Tasie VIII 
Effect of Various Compounds on Glycolysis and Respiration with 
Fructose-1,6-diphosphate As Substrate 
All of the compounds were prepared in 0.2 m concentration except cyanide and 
thiouracil, which were 6.7 X 10°‘ mw and 3.4 X 10°? mM respectively. 0.2 ml. of each 
compound was added to the flasks containing the reaction mixture as described is 
the text. 


Com;ound added 
None 180 | 
Arsenate 183 
Cyanide 075 
Cysteine 416 
Fluoride 236 
lodoacetate as 292 
Malonate... 
Sulfide 274 030 
Thiocyanate 1M 
Thiouracil 108 


pounds were examined for their effect on glycolysis and respiration with 
HDP as substrate. Although cyanide and iodoacetate have a marked 
inhibitory effect on the oxygen uptake (Table VIII), the accumulation o 
lactate remains relatively unaffected by the former. A decrease in th 
formation of lactate is obtained with fluoride. In the presence of cysteine 
or sulfide, the pronounced stimulation in respiration is unaccompanied it 
either case by a change in the formation of lactate. That glycolysis & 
dissociated from respiration is evident from the diametrical action ¢ 
these substances. 

Since the wddition of either cysteine or sulfide to the reaction mixture 
results in an augmented oxygen uptake, the possibility was considered 
that perhaps this effect was due to the fact that the sensitive SH group 
of the enzymes were air-oxidized during the blending of the tissue in th 


= 


= 


to th 

It 

with 

anae 
Paste 

rapic 

It 

of t 

| 
eens 

den 

tivit 

the 

subs 

lacts 

of 3. 

and 
Sines 

diffe 
be tl 
of th 
port: 


fe 


B. WEISS 521 


preparation of the homogenate. Homogenates prepared by grinding the 
tissue with sand in a glass mortar or by blending the tissue in a Waring 
blendor under a nitrogen atmosphere gave results that were not dissimilar 
to those previously obtained. 

It was thought of interest to compare aerobic and anaerobic glycolysis 
vith HDP as substrate. In a particular experiment, the aerobic and 
anaerobic formation of lactate per flask per hour was 1026 and 811 ¥ 
respectively. At first sight, these results might indicate the absence of a 
Pasteur effect; however, this finding can be adequately explained by the 
rapid disappearance of ATP (Table VII). 


DISCUSSION 


It was stated earlier that the indifference of steer thyroid slices to all 
of the test substrates may be due to the fact that the tissue is saturated 
with its own metabolites, thus rendering any additional source superfluous. 
In the long term respiration experiments for the purpose of examining 
this hypothesis, attempts to show a utilization of added substrate failed. 
This failure, however, to take up substrate added during the declining 
respiration of the tissue slice may have been the result of a deterioration 
of the enzymatic mechanisms, in which event the original aim of depleting 
the tissue’s endogenous food supply would have been unfulfilled. The 
results obtained by employing homogenates amply bear out this view. In 
the carbohydrate summation studies, the immobilization of glucose is 
apparent. This lack of glucose utilization might be attributed to an in- 
activation of hexokinase or to a depletion of ATP, either by diffusion or 
dephosphorylation. Similarly, this might apply to the inability of homo- 
gnates to remove glucose. Further support of this explanation is evi- 
denced by the repeated failure to observe any formation of lactate with 
dices in the experiments on glycolysis, and by the high glycolyzing ac- 
tivity of the homogenate when suitable substrates are added. In addition, 
the conclusion must be drawn from the balance experiments that other 
substrates beside lactate are being oxidized, since the disappearance of 
lactate alone cannot account entirely for the oxygen consumed if a Qo, 
of 3.0 is assumed. 

The evidence in the literature is conflicting as to the effect of thyroxine 
and thyroetropic hormone on the respiration of thyroid tissue in vitro. 
Since in most instances the same laboratory animal was emploved, species 
differences cannot be advanced as a cause for the variable results. [It may 
be that the frequent use of serum as a suspending medium and the purity 
of the hormone preparations are in part responsible for the different re- 
ports. Since no hormonal effect on the respiration of thyroid slices was 
observed in these studies, the problem was further pursued with the cell- 
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free system. The formation of lactate and pyruvate, along with measure 
ments of the oxygen consumption, was taken as the possible areas in whid 
any effect of the hormone might be immediately observed. When , 
variety of substrates was employed, the effect of thyrotropic hormon 
and cortisone in all cases was negative. However, in the presence ¢ 
thyroxine the results obtained were irregular; in some instances the oxy. 
gen uptake and the lactate and pyruvate formed were depressed, while in 
others no effect at all was exerted. 


1. The oxygen consumption of steer thyroid slices was determined under 
various conditions. A respiratory quotient of 1.0 suggested the oxidation 
of carbohydrate. In the absence of added substrate, slices were able to 
respire for many hours at a sustained linear rate. 

2. Slices were unable to utilize a number of added components of th 
Meyerhof-Embden and tricarboxylic acid cycles. Since homogenates sup- 
plemented with cytochrome c, DPN, and ATP were able to oxidize many 
of these same compounds, it was concluded that the tissue was saturated 
with its own reservoir of intermediates and thus preferentially used them 
In the carbohydrate balance studies, lactate was the only metabolite found 
to undergo disappearance. However, it followed that other substrates in 
addition to lactate were being oxidized, since the disappearance of lactate 
alone could not fully account for the oxygen consumed. 

3. Of the compounds tested for their effect on respiration in the case d 
both the slice and the homogenate a marked inhibition was obtained with 
iodoacetate and cyanide, whereas with cysteine and sulfide an intense 
stimulation was observed. However, the presence of iodoacetate de 
creased the aerobic glycolysis of the homogenate, while the remaining 
compounds exerted no effect. 

4. The oxygen uptake of the slice and the homogenate remained un 
changed in the presence of thyroxine, thyrotropic hormone, and cortisone. 
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- PROPERTIES OF THE PIGMENT LAYER FACTOR IN THE 
REGENERATION OF RHODOPSIN 
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Rhodopsin (visual purple), the photolabile chromoprotein in the retinal 
rod cells of most vertebrates, bleaches in the light with the release of un- 
stable orange lipides (1) which appear to be precursors (2, 3) of vitamin 
A aldehyde (retinene) (4,5). The aldehyde is ultimately reduced to vita- 
min A aleohol by an enzymatic process (2), which requires reduced di- 
phosphopyridine nucleotide as coenzyme (6). The reduction is reversible, 
and occurs also in the presence of liver alcohol dehydrogenase (7, 8). 

Regeneration of Visual Purple in Retina—In the living animal, visual 
purple is constantly reformed as it is bleached by light. The frog retina, 
in particular, is capable of considerable recovery in color, even when re- 
moved from the optic cup. Kahne (9) showed that a retina which will 
no longer regenerate in the dark will do so if it is replaced in the optic 
cup. Evidently the melanin-containing pigment layers of the cup supply 
a necessary ingredient in forming visual purple. It is not the pigment 
itself which is responsible for this, because albino mammals regenerate 
visual purple normally. Certain physical factors markedly increase the 
mte or extent of regeneration in the intact retina; ¢.g., increase in tem- 
perature and previous exposure to light. On the other hand, regeneration 
s slower and less complete in rats fed on a vitamin A-free diet (10, 11), 
and in the absence of oxygen (12). 

Regeneration in Solution—In 1878, Ewald and Kihne reported that 
visual purple in solution, after being bleached by light, regenerated some 
df its color in the dark. More recent studies (13) indicate that regenera- 
tion occurs maximally at neutrality, and falls off in acid and alkaline 
lutions. The extractive used also makes a difference in degree of re- 
generation. Solutions of visual purple in bile salts and in digitonin re- 
generate; those in sodium desoxycholate show no regeneration (14). 

The above studies were carried out with visual purple solutions pre- 
pared from isolated retinas, and showed marked regeneration only after 
about 85 per cent of the original visual purple had been bleached. How- 
ever, almost complete regeneration has been observed in only slightly 
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bleached solutions, extracted from preparations containing a large excess 
of pigment layer (15). This indicates that the pigment layer yielded 
factor which stimulated the regeneration of the visual purple. A descrip. 
tion will now be presented of experiments which shed some light on the 
chemical nature of the pigment layer factor. 


EXPERIMENTAL 


Outline of Experimental Procedure—Extracts of pigment layer tissues 
were subjected to various diagnostic, physical, and chemical agents. The 
regenerative potency of such an extract was then tested by adding a solu- 
tion of visual purple. The combined solution was bleached and the degree 
of regeneration was determined, with the photosensitive component of the 
optical density at 500 my as the measure of visual purple concentration. 
These procedures led to information concerning the solubility and stability 
of the pigment layer factor. 

Preparation of Visual Purple Solutions—Three common frogs (Rana 
pipiens) were decapitated after 3 or more hours of dark adaptation, and 
the excised eyes were sectioned equatorially with a razor blade in dim red 
light. The retinas were isolated and shaken with a 2:3 sucrose-water 
solution (16), forming a suspension of rods and retinal débris. The con- 
centration of sucrose was so chosen that the retinal débris would sediment 
when the suspension was centrifuged one-half hour, at 4500 r.p.m., ins 
Servall angle centrifuge. The rods, on the other hand, floated to the top 
and could be pipetted off and washed by centrifugation in Ringer's solution. 

The rods were then extracted for an hour with about 1.0 ml. of 2 per 
cent digitonin. After sedimentation of the insoluble residue, the clear 
pink extract was brought to pH 6.5 by 0.2 ml. of 0.1 m phosphate buffer 
and was stored at 5°. 

Determination of Regeneration Potency—A suitable amount of visual 
purple was added to the solution to be tested for regeneration potency, 
and three 0.2 ml. samples of the combined solution were placed in 5 ml. 
test-tubes. One was kept in the dark for subsequent determination o 
the original visual purple concentration. The other two samples wer 
simultaneously bleached about 75 per cent in | minute by the light of s 
150 watt bulb at a suitable distance. One of the bleached pair was im 
mediately treated with an equal volume of 4 per cent sodium desoxycho 
late in borate buffer at pH 9 to prevent regeneration, and was stored at 
0°. Meanwhile, regeneration was allowed to proceed in the other membet 
of the illuminated pair. After 2 hours at 25°, desoxycholate was sim 
larly added to this sample and to the first sample, which had been kept 
in the dark. ‘The dilution factor in all three samples was thus kept com 
stant. After half an hour in desoxycholate, a slight precipitate was ob 
servable, which was removed by centrifugation. 
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The concentration of visual purple in each sample could now be deter- 
mined in the Beckman spectrophotometer; 1 cm. cells were used, with 
drilled Lucite blocks permitting measurements on 0.2 ml. of solution. A 
arcular diaphragm with a 1 mm. opening proportionally reduced the cross- 
ection of the beam incident on the cells. After determination of the 
optical density of each sample at the end of the regeneration period, all 
three samples were simultaneously bleached completely by a 4 minute 
exposure to a 150 watt light at 4 inches. The optical density of each 
ample was then redetermined, and the fall in optical density of each 
ample was taken as a measure of the visual purple concentration in each 
sat the end of the regeneration period. Furthermore, the difference be- 
tween the visual purple concentration in the sample allowed to regenerate 
for 2 hours and that in which regeneration was prevented by desoxycholate 
represented the concentration of regenerated visual purple. 

The identification of the regenerated material as visual purple was 
checked in one experiment in which density measurements were made at 
»” my intervals in the region of the visual purple absorption peak. The 
maximum of this curve, representing the absorption spectrum of the re- 
generated material, was found at 500 my, as expected for visual purple. 

Extraction of Pigment Layer Factor—The black pigment layers of three 
frogs were ground for a minute with about 0.2 ml. of solvent in a hand- 
operated glass homogenizer of about 0.3 ml. capacity. The supernatant 
rsulting from centrifugation of the homogenate, for 4 hour at 4500 
rp.m. and 5°, was added to an equal volume of visual purple solution. 
The regeneration capacity of the combined solution was then tested as 
described in the previous section. 

In the earlier experiments of the present study, the pigment layers were 
extracted with aqueous digitonin. However, it was naturally of interest 
to determine whether a detergent was actually necessary. Pigment layers 
were, therefore, homogenized with distilled water, yielding a turbid ex- 
tract after centrifugation. The regeneration capacity of such solutions 
was very variable, and fell with increase in centrifugation. The activity 
could be restored by resuspending the precipitate formed on centrifugation, 
as may be seen in Table [. It thus appeared that the pigment layer factor 
was relatively insoluble in water. 

Since salts exert a solubilizing effect on many substances, it was of 
interest to determine whether the solubility of the pigment layer factor 
would be enhanced by homogenization in 0.5 ™ NaCl. This proved indeed 
to be the case. Centrifugation of saline homogenates yielded consistently 
clear, active extracts. The regeneration induced by such an extract is 
indicated in Table I. 

Stability of Pigment Layer Factor—Saline extracts of pigment layers 
were subjected to various qualitative diagnostic physical and chemical 
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tests in order to obtain some clue as to the nature of the active 

in regeneration. Among the physical agents, one of the first to be inves. 
tigated was heat. As may be seen in Table II, heating to 52° for 1 minute 
caused a significant degree of inactivation. Heating to 100° caused nearly 
complete inactivation. Freezing, on the other hand, was without effect, 


Tasie I 


Effect of Frog Pigment Layer on Visual Purple Regeneration 
The tubes contained visual purple from frog retina, plus various preparations of 
frog pigment layers. See the text for the experimental procedure. All the value 
are in (optical density X 1000) at 500 mg. Period of regeneration, 2 hours. 


Additions | | Regenerated 

— 
0.53 
4.0 
15.8 


17.9 
11.7 


H,O extract of pigment layer 149 
H,O homogenate............ | 182 
Resuspended water ppt.. | 168 


0.5 w« NaCl extract.. 231 | 


Taste II 
Effect of Heat and Dialysis on Factor from Pigment Layers 
Experimental set-up same as in Table I. The values are in (optical density x 
1000) at 500 mg. 


Additions, guple | Visual pur | 


| 117 21 18.0 


Extract dialyzed against distilled H,O for 
dialyzed against 0.5 NaCl for 2 


The molecular size of the regeneration factor was next investigated, 
with the aid of dialysis. A saline extract of the factor was dialyzed for 
2 hours at 5°, in a 0.3 ml. collodion tube. The activity was almost totally 
destroyed by dialysis against distilled water. However, when the external 
fluid was 0.5 m NaCl, the activity was completely maintained (Table I). 

Precipitation of Pigment Layer Factor—The results of heating and d- 
alysis suggested that the regeneration potency might be associated with 
the protein fraction of the pigment layer extracts. If so, one would expect 


| | per cent 
Heated extract, 52° | 155 14 11.9 
18S 18 | 9.7 
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that it could be reversibly precipitated with ammonium sulfate. An equal 
volume of saturated ammonium sulfate solution was therefore added to 
s saline pigment layer extract. A precipitate formed which was centri- 
fuged down at 5°. The supernatant was discarded and the precipitate 
vas redissolved in water and tested for regeneration potency (Table IIT). 
About half of the usual activity of saline extracts was recovered in the am- 
monium sulfate precipitate. 

Since certain proteins can be reversibly precipitated by cold alcohol, the 
susceptibility of the regeneration factor to ethyl alcohol at — 10° was in- 
vestigated. Addition of half a volume of alcohol to 0.3 ml. of pigment 
layer extract led to a precipitate which was collected by centrifugation 


Taste Ill 
Precipitation of Regeneration Factor with Ammonium Sulfate and Alcohol 
Experimental procedure same as in Tables Land II. The original extract was an 
NaCl extract of frog pigment layer. Volumes of fractions, same as initial volume. 
The values are in (optical density X 1000) at 500 my. 


| per cent per cent 
\ Original extract 117 21 18.0 
_ §0% ammonium sulfate ppt. 158 13 8.2 46 
B Original extract | 178 44 24.8 
30% aleohol ppt _ 130 13 10.0 34 
| 175 | 18 


at —-10°. The precipitate was dissolved in 0.3 ml. of 0.5 m NaCl, and was 
dialyzed for an hour against the same solvent at 5°. The dialyzed solu- 
tion was then tested for regeneration potency. About one-third of the 
starting activity was recovered, as may be seen in Table ILI. Further 
precipitation at 66 per cent alcohol resulted in a recovery of another IS 
per cent of the activity. 

Distribution of Pigment Layer Factor—It was of interest to determine 
whether the pigment layer factor was confined entirely to the black pig- 
ment layers of the eye. Comparable quantities of the other frog tissues, 
ie. liver and brain, were, therefore, tested for regeneration potency, but 
proved entirely inactive. 

On the other hand, it was found that extracts of beef pigment layers, 
obtained from freshly slaughtered cattle, caused significant regeneration 
of frog visual purple (Table IV). The activity of a single beef pigment 
layer, judged from the relative amounts of tissue required for an equal 
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degree of regeneration, was about the equivalent of that of thirty frog 
pigment layers. However, if one takes into consideration the fact that 
the wet weight of a single beef pigment layer was about 0.45 gm., and that 
of a frog pigment layer 0.02 gm., the activity of beef pigment layer per 
mg. of tissue proves to be only one-fifteenth that of the frog. The specific 
activity jof beef pigment layer might, of course, prove to be higher if tested 
for regeheration potency toward beef visual purple. 

Non-Identity of Pigment Layer Factor with Visual Purple Apoprotein— 
Since the pigment layer acts as a storage system for vitamin A used in 
regeneration, it seemed possible that it might also supply visual purple 
apoprotein to the retinal rods. However, no photosensitive material ap- 
peared following the addition to a visual purple-free pigment layer extract 
of a 1 per cent digitonin solution of synthetic vitamin A aldehyde (17) 


TaBLe IV 
Distribution of Pigment Layer Factor 
All the preparations are NaCl extracts of tissue. 
The values are in (optical density X 1000) at 500 mu. The extracts are repre. 
sented by the amount of tissue extracted. Procedure same as in Tables I to ITI. 


| | ber cont 
50 mg. frog brain.............. RAN 262 0 | 0 
5.3‘ pigment layer .. 100 20 
45 “ beef Preparation 249 12 4.8 
I. 122 18 | 14.7 


wen was seit 10 times greater in concentration than that liberated by 
the visual purple in the preparations described above. 


DISCUSSION 


The results presented in this paper came as a distinct surprise, in view 
of an earlier prediction (18) that the pigment layer factor, because of its 
easy diffusibility, would prove to be a substance of small molecular weight. 
However, the very small distance between the retinal rods and the closely 
adherent black pigment epithelium does not make great demands on the 
diffusibility of the pigment layer factor. It, therefore, appears likely that 
the regeneration of the visual purple is normally dependent on protein 
material from the black pigment layers of the eye. Because of the quali- 
tative and exploratory nature of the experiments reported in this paper. 
it is not yet possible to state whether the pigment layer factor is a single 
protein or a protein complex, or whether it is essentially a compound o 
low molecular weight associated or conjugated with a protein carrier. 
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The pigment layer factor should not be confused with the dehydro- 
genase Which brings about the dehydrogenation of vitamin A alcohol to 
the corresponding aldehyde. The pigment layer factor, rather, seems to 
simulate the combination of vitamin A aldehyde with the apoprotein of 
visual purple, forming visual purple itself. A mechanism is thus evident 
for the utilization of vitamin A from the blood stream for the regeneration 
of visual purple. Since this is a synthetic process, one would suspect 
that a metabolic energy source such as adenosinetriphosphate (ATP) would 
be required. However, the undiminished activity of dialyzed preparations 
does not afford any evidence that soluble small molecules are involved in 
the regeneration of visual purple in solution. 


SUMMARY 


The melanin-containing pigment layers of the eye contain a factor which 
stimulates the regeneration of visual purple from its bleached products, 
vitamin A aldehyde and visual purple apoprotein. The factor is soluble 
in dilute NaCl. 

The pigment layer factor exhibits certain reactions of a protein, such 
as nearly complete inactivation by boiling, retention by a collodion dialysis 
membrane, and precipitation by ammonium sulfate or by alcohol. 
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METABOLISM IN THE RAT: FORMATE 
INCORPORATION INTO PURINES* 
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(From the Department of Biochemistry, College of Agriculture, and the Institute for 
Enzyme Research, University of Wisconsin, Madison, Wisconsin) 


(Received for publication, May 2, 1951) 


The considerations which prompted an investigation of the rdle of folic 
acid in formate metabolism were discussed in an earlier paper (1) in which 
it was reported that rats deficient in this vitamin incorporated less of a 
standard dose of C-formate into certain amino acids and heme than did 
rats fed folic acid. There is abundant microbiological evidence to indicate 
an interrelationship between folic acid and the purines (2-5). The ac- 
cumulation of 4-aminoimidazole-5-carboxamide in cultures of Escherichia 
coli inhibited with sulfanilamide (6) suggests very strongly that folic acid 
controls the incorporation of formate at least into carbon atom 2 of the 
purines. In addition, Skipper et al. (7) have demonstrated that the incor- 
poration of labeled formate into the total nucleoprotein of mice is de- 
creased by the administration of folic acid antagonists. 

This study was undertaken to demonstrate whether folic acid affects 
the incorporation and relative location of labeled formate in nucleic acid 
purines in the rat. 

EXPERIMENTAL 


These experiments were performed on nucleic acid fractions from the 
same animals used in this laboratory for the studies on the incorporation 
of the carbon of formate into amino acids. The previous paper (1) may 
be consulted for detailed description of the preparation of the animals. 
The rats were made deficient in folic acid by feeding a diet containing 2 
per cent succinylsulfathiazole. Three deficient animals and three animals 
in which a remission of leucopenia had been obtained by the administra- 
tion of 1.1 mg. of folic acid daily for 4 days were injected intraperitoneally 
with 2 mg. of formic acid (160,000 c.p.s.) per 100 gm. of body weight, and 
sacrificed 3 hours later. 

The livers and viscera (kidneys, spleen, pancreas, heart, testes, and 


* Published with the approval of the Director of the Wisconsin Agricultural Ex- 
periment Station. Supported in part by a — from the United States Public 
Health Service. 
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intestines) of these animals were extracted with cold trichloroacetic acid, 
and the nucleic acid fraction (both desoxyribose nucleic acid and pentose 
nucleic acid) was obtained by treatment of the residue with hot 5 per cent 
trichloroacetic acid (TCA) (8). 

The 5 per cent TCA extracts were deproteinized with chloroform and 
amyl alcohol (9); the TCA was removed by ether extraction, and the 
aqueous solution was concentrated in vacuo to a volume of 5 to 10 ml. 
The purines were released by hydrolysis in 1.0 n HCl at 100° for 1 hour 
(10). The filtered hydrolysate was made 2 n in HCl, and chromato. 
graphed on a column of Dowex-50 cation exchange resin according to the 
directions of Cohn (11). The eluted guanine and adenine fractions were 
reduced in volume by reabsorption on short columns of Dowex-50 and 
elution with 4 per cent NH,OH. After removal of the ammonia in vacw, 
the purines were precipitated as their Cu,O complexes and washed with 
water (12). The free purines were regenerated with H,S. As a pre 
cautionary measure, each of the purines was then rechromatographed on 
Dowex-50. The purine concentration of the eluates was determined spec- 
trophotometrically by measurement of the optical densities at the absorp- 
tion peaks of the individual purines. The purity of each compound was 
established by comparison of the ultraviolet absorption spectra in acid 
and alkaline solutions with values reported in the literature (13, 14). 

Guanine was isolated as the free base and adenine as the hydrochloride 
after the addition of chromatographically pure carrier. All samples were 
recrystallized at least once; none increased in specific activity on recrys- 
tallization. The dilution of the purines with carrier was calculated from 
the amount of purine originally present, as estimated spectrophotometr- 
cally, and from the weighed amount of “carrier” added. 

Degradation of Adenine and Guanine—The purines were converted into 
uric acid by deamination to the corresponding hydroxypurines and oxi- 
dation of the hydroxypurines with xanthine oxidase. The uric acid was 
degraded to obtain carbons 2 and 8 separately by the method of Sonne, 
Buchanan, and Delluva (15). In some samples a part of the uric acid 
was treated with MnO, in O, to obtain carbon 6 (16). 

Guanine was deaminated by the method of Fischer (17), and adenine 
by the method of Kossel (18). The hydroxypurines were isolated in some 
cases, but it was necessary only to aerate the solutions to remove residual 
nitrite before carrying out the enzymatic oxidation to uric acid. The 
xanthine and hypoxanthine solutions were made up to a volume of 150 
to 200 ml. and adjusted to pH 8 to 9. 5 ml. of a preparation of xanthine 
oxidase and 1 ml. of catalase solution were added,' and the solutions were 


‘Xanthine oxidase was prepared from raw cream by a modified method of Cor- 
ran et al. (25). The preparation oxidized approximately 350 y of xanthine per mg. 
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aerated with a current of O, in a water bath at 37° until the reaction, 
which was followed spectrophotometrically (19), was completed. 

The samples were made alkaline (pH 12 to 14), and the protein was 
removed by treatment with chloroform and amyl alcohol. The chloro- 
form-amyl alcohol gels were then extracted with 0.1 Nn alkali to recover 
that part of the uric acid which had been retained in the gel. 

In most experiments, it was necessary to add uric acid carrier at this 
stage, since the yield of uric acid in the oxidation was not high and the 
material obtained was impure. The solutions were neutralized and con- 
centrated in vacuo to about 40 ml., and the uric acid was precipitated by 
addition of hydrochloric acid. The precipitated uric acid was dissolved 
in dilute sodium hydroxide, treated with Nuchar C190N,? and reprecipi- 
tated with acid several times before degradation. 

30 to 40 mg. of uric acid were suspended in 3 ml. of 6 n HCl at room 
temperature. Potassium chlorate was then added, a few crystals at a 
time, until the uric acid had all gone into solution; this required from 5 to 
10 minutes. The solution was treated with H.S to reduce the alloxan to 
alloxantin. The free sulfur was centrifuged and the residue washed with 
hot water to remove adherent alloxantin. 

The alloxantin was isolated by concentrating the solution in vacuo and 
by addition of ethanol. After crystallization had been completed by chill- 
ing the solution overnight at 5°, the alloxantin was collected by filtration 
and washed with liberal quantities of cold absolute ethanol. The filtrate, 
which contained the urea from atoms 7, 8, and 9 of the original purine, was 
decomposed with urease at pH 5, and the CO, representing carbon 8 was 
collected in Ba(OH)2. The washed alloxantin was dissolved in 5 ml. of 
hot water and treated with about 25 mg. of PbO, at 100° in a stream of 
CO.-free air for 20 minutes. The CO, evolved was collected in Ba(OH), 
solution. The PbO, was filtered and washed, and the filtrate and wash- 
ings treated with urease to liberate CO, representing carbon 2. The 
alloxantin from the visceral guanine samples was degraded in a different 
way by treatment with 1.0 ml. of 30 per cent hydrogen peroxide in 10 ml. 
of 0.1 n NaOH for 1 hour at room temperature, followed by treatment 
with acid to remove the CO, formed. The solution was then neutralized, 
the peroxide removed with catalase, and the remaining urea decomposed 
With urease. 


of protein per hour under Kalckar’s (19) assay conditions and contained 12.5 mg. 
of protein per ml. The catalase solution was a commercial preparation of ‘‘cata- 
lase Sarett’’ obtained from the Vita-Zyme Laboratories, Inc., Chicago, Illinois. 

? Obtained from the West Virginia Pulp and Paper Company, Tyrone, Pennsyl- 
vania. 
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The crude pyrimidine nucleotide mixtures from the first fractions of the 
Dowex-50 chromatograms (11) were evaporated to dryness and counted. 
The total radioactivity was so small that it seemed impractical to attempt 
to isolate the free pyrimidines. 


RESULTS AND DISCUSSION 


The specific activities and the distribution of radioactivity between 
carbons 2 and 8 of the purines are shown in Table I. Folic acid deficiency 
caused a rather marked decrease in the incorporation of the carbon of 
formate into the liver purines, but had no effect on the incorporation into 


Taste I 
Incorporation of Labeled Formate into Nucleic Acid Purines 


| Folic acid-deficient rats | Control rats 
| Per cent distribution _Per cent distribute 
C.ps. | isotope isotopet 
base” —— 
| ce i ce | c2 | cs 
Liver | Adenine 1,343 | 41 50 5,220 | | 
Guanine | 1,484 | 52 48 4,870 | (82 
Viscera Adenine 13,780 | 51 | 49 14,300 48 52 
Guanine 16,450 | SOE 13,700 | 56 


os Corrected for added earrier so that the figures represent counts in the tissue 
purines. 

t Percentage of the total radioactivity recovered in the degradation appearing 
in carbons 2 and 8. 

t Remaining 24 per cent found in the carbon 4, 5, and 6 fraction. 


the visceral purines. Totter, Volkin, and Carter (20), in a recently re 
ported study with folic acid-deficient chicks, have found no difference, 
in the extent of radioactive formate incorporation into the purines of the 
“total viscera,” between normal and deficient birds. It is possible that 
their results diverge from ours because of species difference, employment 
of a longer period of time for incorporation of the radioactive formate, or 
combination of the livers of the birds with the other viscera. 

The distribution of radioactivty between carbons 2 and 8 is close to 1:1 
(C-2:C-8 = 0.7 to 1.1) in all samples except that of the visceral guanine 
from the folic acid-deficient animals (C-2:C-8 = 0.52). There is a pos 
sibility that the observed radioactivities for carbon atoms 2 and 4, 5, and 
6 of this guanine sample are not comparable to the others, since the al- 
loxantin was not degraded by Buchanan’s method. Heinrich and Wilson 
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(21) have determined the ratio C-2:C-8 in rat nucleic acid guanine after 
formate administration and found it to be 1.31. 

From the fact that 4-aminoimidazole-5-carboxamide accumulates in 
bacteria poisoned with sulfanilamide, it might be inferred (see (22)) that 
formate is normally incorporated into position 2 of the purine molecule 
through the agency of a folic acid-containing enzyme, while the fixation 
into position 8 is less dependent on this vitamin. It is apparent from the 
results of this investigation, however, that the decreased incorporation 
into liver purines resulted from decreased labeling of both carbons 2 and 
8 and not specifically from failure of formate to be fixed as carbon 2. 
Therefore, these in vivo experiments, under the conditions employed, have 
not provided evidence for the above postulate. 

Carbon atom 6 of the visceral adenine and the liver adenine and 
guanine, derived from the uric acid by treatment with MnQ,:, contained 
relatively insignificant amounts of radioactivity (less than 1 per cent of 
the total recovered). The CO, from carbon atoms 4, 5, and 6 evolved in 
the oxidation of the alloxantin also contained little C“, except in the case 
of that obtained from the visceral guanine of the deficient rats. That 
very little incorporation occurred into either carbons 4 and 5 or 6 is in 
agreement with the results of Heinrich and Wilson (21). In view of the 
fact that formate is converted to bicarbonate in the rat (1, 23, 24), it is 
peculiar that there was no appreciable incorporation of isotope into carbon 
6. 


Rats deficient in folic acid incorporated less of a standard dose of C¥- 
formate into the purines of their liver nucleic acids than did rats which 
had been fed this vitamin. No difference in total counts between deficient 
and repleted animals was noted in the visceral purines. 

A method was developed for the conversion of adenine and guanine into 
uric acid; the latter was degraded to determine the distribution of C™ be- 
tween carbons 2 and 8. Results of the degradations showed that folic acid 
deficiency did not give rise to marked differential labeling, but decreased 
the incorporation of formate into both C-2 and C-8 of the liver adenine 
and guanine. 
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Several groups of investigators have studied the metabolism of pentose 
nucleosides in Escherichia coli. Lutwak-Mann (1) reported that adenosine 
was deaminated and noted that all the ribose had disappeared from the 
medium when deamination was complete. This was confirmed by Stephen- 
son and Trim (2). In their experiments the rate of pentose disappearance 
was 10 times as rapid with adenosine or inosine as it was with ribose. 
When adenosine was the substrate, only 70 per cent of the theoretical 
quantity of hypoxanthine was found in the medium when all of the sub- 
strate had disappeared. Very little xanthine oxidase was present in the 
cells. The degradation of uridine and cytidine by E. coli has been studied 
recently by Paege and Schlenk (3). 

We are reporting studies on the metabolism of desoxyribose nucleosides 
in E. coli. Resting cells metabolize HXDR' and TDR. The total acid- . 
soluble desoxypentose disappears, while the free base appears in the me- 
dium in less than the theoretical amount. Free desoxyribose is metabo- 
lized at a very slow rate. A cell-free extract has been found to contain 
potent purine and pyrimidine nucleoside phosphorylases. Experiments 
are also presented which show that these two enzymes catalyze reversible 
reactions. 


EXPERIMENTAL 


Materials—-ADR and GDR were prepared in the following manner. 
Thymus nucleic acid was hydrolyzed with a glycerol extract of calf intes- 
tinal mucosa in the presence of Ag* (4). Klein has demonstrated that 


* This work was supported in part by grants from the Nutrition Foundation, Inc., 
and the American Cyanamid Company. Some of the material presented is taken 
from a thesis submitted in partial fulfilment of the requirements for the degree of 
Doctor of Philosophy at Washington University by L. A. Manson. A preliminary 
report has been published (Federation Proc., 9, 397 (1950)). 

t Predoctorate Fellow of the National Institutes of Health, 148-49; Fellow in the 
Medical Sciences of the National Research Council, 1949-50. 

' The following abbreviations will be used: ADR, adenine desoxyriboside; CDR, 
cytosine desoxyriboside; GDR, guanine desoxyriboside; HXDR, hypoxanthine des- 
oxyriboside; TDR, thymine desoxyriboside; UDR, uracil desoxyriboside. 
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this procedure inhibits the deamination of adenine nucleosides. GDR was 
obtained from the enzyme digest by the procedure of Schindler (5). The 
mother liquors were chromatographed on Dowex-1 resin and ADR was 
isolated. The procedure used for chromatographic separation was sug- 
gested by Dr. Waldo E. Cohn. 

The preparation of HXDR, CDR, and TDR has been described in a 
previous publication (6). Other substrates were commercial products. 
The UDR was kindly given to us by Mr. T. P. Wang. It was made by 
the enzymatic deamination of CDR. 

Preparation of Resting Cells and Cell-Free Extracts—E. coli strain 15 
(No. 9723 of the American Type Culture Collection) was used in this 
study. The organism was grown in Medium | of Wang ef al. (7) under the 
conditions described by these authors. A 15 to 20 hour-old culture was 
harvested by centrifugation and washed twice in 0.9 per cent NaCl. The 
cells were then suspended in 0.9 per cent NaCl to a final concentration of 
100 mg. (wet weight) per ml. 

Cell-free extracts were made by MclIlwain's procedure (8). Washed 
cells were ground in the cold with alumina powder A-303° for 2 minutes. 
The alumina-bacterial paste was suspended in 10 ml. of 0.02 mM phosphate 
buffer (pH 7.2) per gm. (wet weight) of original cells and allowed to stand 
at 3° for 30 minutes with intermittent stirring. After centrifuging for 15 
minutes at 5800 X g, a highly opalescent and deep yellow supernatant 
fluid was obtained. This solution was used for the enzymatic tests. It 
maintained its enzymatic activity for periods as long as 1 year when 
stored at —20°. 

Analytical Mecthods—Desoxyribose was determined by the cysteine-sul- 
furie acid method as described by Stumpf (9) and reducing sugar by the 
method of Nelson as adapted to desoxyribose (10). Hypoxanthine was 
estimated spectrophotometrically with xanthine oxidase (11). 

Hotchkiss (12) has determined thymine in the presence of TDR by 
measuring the absorption of the mixture at 300 mg in 0.1 N alkali. Thy- 
mine, uracil, and cytosine have appreciable molar extinction coefficients 
at 300 my under these conditions, whereas the corresponding nucleosides 
and hypoxanthine and its nucleosides have no significant absorption at 
this wave-length. The other purine bases show significant absorptions in 
alkali at 300 my; therefore in the tests on the reversibility of the nucleoside 
phosphorylases, these compounds and their derivatives were not used. 
This enabled us to determine free pyrimidines by the Hotchkiss procedure. 
All absorption measurements were made with a Beckman spectrophotome- 
ter, model DU. 

Protein-F ree Filtrates—Perchloric acid and Ba-Zn filtrates were made 


? Personal communication. 
* Generously provided by the Aluminum Company of America. 
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by procedures outlined previously (10). The Ba-Zn filtrates contain free 
desoxyribose but not desoxyribose phosphates. Perchloric acid filtrates 
contain free and phosphorylated desoxyribose. Any desoxyribose-1-phos- 
phate formed in an incubation mixture would be cleaved in the process of 
making the perchloric acid filtrate. Thus reducing sugar found in a 
perchloric acid filtrate is a measure of the free desoxyribose, desoxyribose- 
l-phosphate, and any other desoxyribose phosphates present in an incu- 
bation mixture. 
Results 


Experiments with Resting Celle—Incubations of HXNDR and TDR with 
resting cells were carried out as indicated in Table I. In 4 hours the des- 


Taste I 
Degradation of TDR and HX DR by EB. coli 
The incubation mixtures contained substrates, 2.5 ml. of 0.1 « bicarbonate buffer 
(pH 6.95), and water to make the volume 4.0 ml. The reaction was started by the 
addition of 1.0 ml. of the cell suspension. Incubated at 38°. The analyses were 
performed on HCIO, filtrates. 


Desonyribose 

disappearance 
Substrate 
the hee. the hes. 

TDR 28 | 31.8 18.7 | 39.2 
+ 80 phosphate. 12.7 31.5 19.6 39.6 
HXDR 10.2 | O06 38.1 
“ + 80 eu phosphate. 31.6 10.9 39.2 
hypoxanthine + 40 desoxyri | 1.6 


oxypentose had completely disappeared from the medium. The addition 
of inorganic phosphate to the incubation mixture had no detectable effect 


on the rate of degradation of the nucleosides. . Reducing sugar was not 
found in the medium at any time. When free desoxyribose and hypo- 
xanthine were incubated with the cells, the sugar was degraded to only a 
limited extent. 

It could be shown that the desoxypentose which disappeared from the 
medium was not incorporated as such into the cells. After an experiment 
with TDR the cells were removed by centrifugation. The nucleic acids 
were extracted from these cells by the method of Morse and Carter (13). 
There was no increase in the total desoxypentose of the cells. Thus the 
disappearance of desoxypentose from the medium was not due to incor- 
poration into cellular desoxyribonucleic acid. 

The rate of disappearance of desoxypentose and appearance of free base 
was inhibited when arsenate was added to an incubation mixture with 
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either nucleoside (Table Il). Reducing sugar appeared in the medium. 
In another experiment it was shown that the reducing sugar that appear 
in the medium is free desoxyribose. This was demonstrated by making 


Taste Il 


Degradation of TDR and HX DR by E. coli in Presence of Sodium Arsenate 


The incubation mixtures contained substrate, 2.5 ml. of 0.1 « bicarbonate buffer 
(pH 6.95), 0.8 ml. of 0.1 m sodium arsenate, and water to make the volume 4.0 ml. 
The reaction was started by the addition of 1.0 ml. of the cell suspension. Inevw- 
bated at 38°. The analyses were performed on HCIO, filtrates. 


Substrate 
the. | | the. | Ghee. the. 4 brs 
7.1 | 19.9 | 66 | 10.0] 1.4 | 12.0 
* HXDR.......... | 13.0 3.1 10.5 
Taste Ill 


Phosphorolysis of TDR and HX DR in Cell-Free Extract 
The incubation mixtures contained substrate, 1.0 ml. of 1.0 « sodium fluoride, 
5.0 ml. of 0.05 u tris(hydroxymethyl)aminomethane buffer (pH 7.8), and water to 
yield 8.0 ml. The reaction was started by the addition of 2.0 ml. of the cell-free 
extract. Incubated at 38°. 


Increase in reducing sugar 
Substrate Time — 
HCO. Ba-Za Giltrate 
bes. | 
40 um phosphate 1.5 0 0 
3 | 0 0 
40 “ TDR + 40 wat phosphate | 16 | 69 | 6.4 0 
7.7 7.5 0 
40 “ HXDR + 40 gm phosphate i Bes 4.2 3.9 0 
a. 5.2 4.6 0.5 


Ba-Zn filtrates as well as perchloric acid filtrates. The amount of reducing 
sugar found was the same within experimental error in the two filtrates. 

Experiments with Cell-Free Extracts—Active purine and pyrimidine nv- 
cleoside phosphorylases were present in these extracts (Table III). When 
the extract was incubated with inorganic phosphate alone, no reducing 
sugar was found in either perchloric acid or Ba-Zn filtrates. If either 
HXDR or TDR was added to the incubation mixtures, reducing sugar, 
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equal to the amount of free base that appeared, was found in the perchloric 
acid filtrates. No reducing sugar was present in the Ba-Zn filtrates. This 
indicated that both nuciscsides were undergoing phospherslysio to yield 
a desoxypentose phosphate. 

The action of the enzymes in the cell-free extract on other desoxyribo- 
sides is shown in Table IV. Reducing sugar was found in perchloric acid 
filtrates from the incubation mixtures with CDR or GDR as well as with 
HXDR. ADR was apparently not attacked. No significant amounts of 
reducing sugar were found in Ba-Zn filtrates. It appears, therefore, that 
the cleavage was phosphorolytic in each instance. 

Taste IV 
Specificity of Nucleoside Phosphorylases in Cell-Free Extracts 

Each incubation mixture contained the nucleoside, 0.5 ml. of 1.0 « sodium fluo- 
ride, 1.25 ml. of 0.05 » tris(hydroxymethyl)aminomethane buffer (pH 8.0), 20 am 
of NasHPO,, and water to yield 4.5 ml. The reaction was started by adding 0.5 ml. 
of the cell-free extract. Incubated at 38°. The analyses were performed on HCIO, 
filtrates. 


Substrate |e. Spectral type 
hrs. | 
20 uw HXDR 1.5 3.1 Hypoxanthine + HXDR 
2 “ ADR a 0 ADR 
| 3 | 0 “a 
‘20 “ CDR | 3.8 7.7 Uracil + UDR 
10.3 
2“GDR 14 2.8 | Guanine + GDR 
| 3 3.2 | + 


The absorption spectra of the perchloric acid filtrates (adjusted to pH 
7.0) were determined against a control incubation without added substrate. 
The character of the spectrum obtained is indicated in Table IV. In the 
experiment with GDR, the spectra obtained after incubation 
to that of a mixture of guanine and GDR. Similarly, HXDR produced 
a spectrum which resembled that of a hypoxanthine-HXDR mixture. On 
the other hand, the spectrum obtained in the experiment with CDR was 
that of a mixture of uracil and UDR. This extract contains a potent 
CDR deaminase but no cytosine deaminase (7). It thus appears that 
CDR was converted to UDR and the latter compound split. Mr. T. P. 
Wang has also observed in this laboratory that similar extracts rapidly 
cleaved UDR. 

With this extract as a source of the purine and pyrimidine nucleoside 
phosphorylases, it was possible to show that both enzymes catalyze revers- 
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ible reactions. When HXDR and thymine were incubated together with 
the cell-free extract (Table V, Experiment A), there was a progressive 
appearance of hypoxanthine and a simultaneous disappearance of thymine. 
In Experiment B, in which TDR and hypoxanthine were added initially, 
there was a progressive appearance of thymine and a simultaneous dis- 
appearance of hypoxanthine. In Experiment C, uracil was added to an 
incubation mixture with HXDR, and again there was a disappearance of 


V 


i Interconversions of Desoryribose Nucleosides 
Each incubation mixture contained the substrates indicated below, 2.5 ml. of 0.6 
m tris(hydroxymethyl)aminomethane buffer (pH 7.8), 0.5 ml. of 1.0 m sodium 
fluoride, and water to yield 4.0 ml. The reaction was started by adding 1.0 ml. of 
the cell-free extract. Incubated at 38°. The analyses were performed on HClO, 
filtrates. 


Experiment Substrate | thine” | Pyrimidine | 

| hrs. uM uM 

A 20.0 ut HXDR + 16.5 um = 0 0 | 16.5 0 
thymine 5.9 | 13.0 2.3 
25 | 29 

B 20.0 um hypoxanthine + 20.0 0 i 0 
13.2 2.9 

C |2.0 HXDR + 237m) 0 =| O 27 | 
uracil 4 225.4 2.1 
- | 20.1 2.3 

D | 20.0 um HXDR + 181 | O | 18.1 0 
cytosine | 18.2 2.3 
5 4.3 | 18.2 2.8 
E | 19.5um hypoxanthine +195) 0 | 19.3 | 15.3 20.2 
um desoxyribose + 15.3 um 15 | 9.1 | 15.4 19.4 
thymine | 19.6 


uracil, accompanied by a progressive appearance of hypoxanthine. In 
each instance the amount of reducing sugar formed was about the same 
as that obtained with the nucleoside alone (Table III); yet the amount of 
nucleoside split was enhanced. Cytosine did not stimulate the break- 
down of HXDR (Experiment D) nor did it disappear during the incuba- 
tion. A control incubation mixture with hypoxanthine, thymine, and 
desoxyribose (Experiment E) showed that the free bases were not de- 
stroyed by the extract. Since the corresponding nucleoside was not mea- 
sured by the methods for determining hypoxanthine, thymine, and uracil, 
it was concluded that in Experiment A there was a synthesis of TDR, in 
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Experiment B a synthesis of HXDR, and in Experiment C a synthesis of 
UDR. bos 

In order to demonstrate directly that there was nucleoside synthesis in 
these experiments, aliquots of each incubation mixture were chromato- 
graphed on paper. The results that were obtained (Fig. 1) confirm the 


Experiment 

Hours ofi.s}s | s 
Butanob] Butanol- 

Compound Urea | NH,OH 

HXDR So So o.32 

Hypoxanthine eo | 0.39 

UDR e 0.24 

Uracil @ |®@ 0.30 

TDR @ | @ @ |@ 0.41 

Thymine @ 0.49 


Fic. 1. Chromatographic demonstration of desoxyribose nucleoside intereonver 
sions. Aliquots of incubation mixtures (Table V) to be chromatographed were first 
heated for 20 minutes in a boiling water bath to inactivate the enzymes and then 
applied directly onto duplicate strips of Whatman No. | filter paper. Perchloric 
acid filtrates were not used, since sodium perchlorate interfered with the resolution 
of the various compounds. One strip was developed by ascending chromatography 
in butanol saturated with 10 per cent urea, the other in butanol saturated with con- 
centrated NH,OH. The butanol-urea system was found to resolve HXNDR and hypo- 
xanthine and to separate them from the pyrimidine compounds. It did not separate 
the pyrimidines from their nucleosides. The butanol-NH,OH separated the pyrim- 
idines from their nucleosides and from HXDR and hypoxanthine. HXDR and 
hypoxanthine migrated with the same Fy in this solvent. Therefore, each vertical 
strip above is a composite diagram of two chromatograms: open symbols, obtained 
in a butanol-urea system; closed symbols, in a butanol-NH,OH system. The spots 
were located by means of a Mineralite ultraviolet lamp, model SL-2537. The Rp 
values reported were determined with known samples of the compounds indicated. 


conclusion that in Experiments A, B, and C of Table V there was an en- 
tymatic synthesis of desoxyribose nucleosides. 


DISCUSSION 


Our results indicate that E. coli contains enzymes which split desoxy- 
ribose nucleosides to the free base and a desoxyribose ester, probably 
desoxyribose-l-phosphate. In the experiments with the whole cells no 
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desoxyribose phosphates accumulated; in fact, all the acid-soluble desoxy. 
ribose disappeared from the system. Recent studies by Hoffmann and 
Manson (14) have shown that approximately 1 mole each of acetic and 
formic acids and of ethanol is formed under these conditions per mole of 
nucleoside fermented. Free desoxyribose was not fermented. When ar- 
senate was added to an incubation mixture, the free sugar accumulated and 
the rate of disappearance of acid-soluble desoxyribose was reduced. Pre- 
vious studies with the nucleoside phosphorylases of animal tissues (10, 15) 
have shown that the nucleosides will undergo arsenolysis, yielding the 
free sugar as a product. A similar arsenolysis has been observed in experi- 
ments with the cell-free extract of E.coli. On the basis of all these con- 
siderations we conclude that the initial step in the metabolism of the 
desoxyribose nucleosides by the whole cells is a phosphorolytic one. The 
desoxyribose phosphate formed is then degraded to the products mentioned 
above. 

The specificity of the nucleoside phosphorylases of F. coli is apparently 
the same as that found with the enzymes from animal tissues (16, 17). 
The purine nucleoside phosphorylase cleaves the nucleosides of guanine 
and hypoxanthine, but not those of adenine. The pyrimidine nucleoside 
phosphorylase cleaves the nucleosides of uracil and thymine, but not those 
of cytosine. 

The sugar present in HX DR is known to be p-2-desoxyribose (4). How- 
ever, the exact configuration of the desoxy sugar present in the pyrimidine 
nucleosides has not yet been determined. The experiments demonstrat- 
ing the reversible nature of the nucleoside phosphorolysis offer some infor- 
mation on this question. Thus in incubation mixtures containing HXDR 
and thymine or uracil, the pyrimidine nucleoside that was formed showed 
the same R, as did the corresponding nucleoside isolated from thymus 
desoxyribonucleic acid. Also the hypoxanthine nucleoside synthesized 
from hypoxanthine and TDR had the same R, as did HXDR. This 
suggests that the pyrimidine-bound sugar of thymus desoxyribonucleic 
acid is p-2-desoxyribose. More direct proof will be needed, however, to 
establish this point. 


The authors wish to acknowledge the cooperation of Mr. T. P. Wang 
in the initial experiments carried out on this problem. 


SUMMARY 

Resting cells of Escherichia coli metabolize hypoxanthine desoxyriboside 
and thymidine. Desoxypentose disappears from the medium and is not 
incorporated into the cells. The base appears free in the medium. In 
the presence of arsenate, free desoxyribose is formed from these substrates 
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and the rate of disappearance of total acid-soluble desoxyribose is reduced. 
Free desoxyribose is degraded only very slowly. The mechanism of de- 
gradation of these substrates is discussed. 

Some of the desoxyribose nucleosides are cleaved in the presence of a 
cell-free extract of E. coli to yield the base and a desoxyribose phosphate, 
indicating that this extract contains purine and pyrimidine nucleoside 
phosphorylases. The specificity of these enzymes for the desoxyribosides 
is similar to that observed with animal tissues. Evidence is presented 
that these bacterial enzymes catalyze the synthesis of nucleosides as well 
as their degradation. 
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INSULIN AND THE FATE OF PYRUVATE IN THE DIABETIC 
LIVER* 


By M. J. OSBORN, I. L. CHAIKOFF, anv J. M. FELTS 


(From the Division of Physiology of the University of California School of Medicine, 
Berkeley, California) 


(Received for publication, June 13, 1951) 


A previous report dealt with the action of insulin on the fate of the 
3 carbon atoms of lactate in the liver of the alloxan-diabetic rat (1). It 
was shown that insulin decreased the oxidation of the a- and 8-carbons of 
added lactate to CO, and stimulated, in a pronounced manner, the incor- 
poration of these 2 carbon atoms, as an intact unit, into fatty acids. In 
assessing the significance of these findings, we assumed that the fate of the 
a- and £-carbons of lactate was identical with that of the corresponding 
carbons of pyruvate. The validity of our assumption with respect to the 
a-carbon is borne out by the findings presented here. It is shown that 
the fate of the a-carbon of pyruvate in the liver of the insulin-treated and 
untreated alloxan-diabetic rat parallels that of the corresponding carbon 
of lactate. 

EXPERIMENTAL 


Treatment of Animals—Rats of the Long-Evans strain used in this study 
were maintained as previously described (1). A record of their diabetic 
history is shown in Table I. 

Five of the ten diabetic rats were injected subcutaneously, at 48 and 
24 hours before sacrifice, with 50 units of protamine zine insulin (Lilly) 
per kilo of body weight. Exactly 2 hours before sacrifice, each of the 
injected rats also received, subcutaneously, 10 units of unmodified insulin 
(Lilly). 

Samples of heart blood for the determination of blood sugar were taken 
from each rat immediately before sacrifice. 

Preparation of Substrates—The pyruvate-2-C™ was obtained from the 
Texas Research Foundation as an aqueous solution of the lithium salt. 
The lithium pyruvate-2-C™ was passed over a cation adsorption column, 
washed through with distilled water, and quantitatively recovered as the 
free acid. The sodium salt was obtained by titration with a standard 
solution of dilute sodium hydroxide to pH 7.3. 

Carrier sodium pyruvate was prepared from freshly distilled pyruvic 
acid (2) by titration with NaOH to pH 7.3. Paper chromatograms of 
samples of the sodium pyruvate-2-C™ and the carrier sodium pyruvate 


* Aided by a grant from Eli Lilly and Company. 
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were prepared by the method of Buchanan et al. (3), and color was de. 
veloped by spraying with a solution containing equal parts of saturated 
picric acid and 1 N NaOH. Rr, values for samples of the radioactive 
substrate and the carrier sodium pyruvate were in close agreement. A 
radioautograph showed the areas of C™ activity to be identical with those 
that developed color. 

The C™ content of the sodium pyruvate-2-C" was determined as de- 
scribed by Felts et al. (1) for C"-lactate. 

50 um (5.5 mg.) of sodium pyruvate with a C™ activity of 3.3 x 10 
¢.p.m. were present in each incubation flask in Experiment 1. The con- 


TaBLeE | 
History of Diabetic Rats 
Alloxan injection Animal weight Degree of diabetes 
Dura- 
Rat) sex tion Daily (Highest 
No. ini of Fasting 
(range) | (range) (24 ) 
mg. perkg.| gm. | gm. | days | gm ce. gm. peg 
1 F. | Subcutaneous | 180 200 | 180 | 79 | 18-40 | 50-180 | 4.6 | 388 
100 150 | 183 66 15-40 | 50-200 | 4.7 304 
3M ” 450 (4) | 285 | 220 33 | 16-27 | 50-130 | 7.2) 265 
400 (4) | 230 | 216 | 35 | 14-22 | 40-110] 6.7 | 410 
a 400 (4) | 310 | 254 33 12-29 | 90-120 | 6.7 244 
6 “ " 450 (4) | 300 | 324 33 | 12-28 | 22-105 | 4.9 | 200 
7 “ | Intravenous 44 135 | 199 30 | 15-27 | 10 65! 11.0 235 
8 “ | Subcutaneous | 175 170 | 300 65 | 16-30 | 15-100 | 5.6) 244 
9 “ | Intravenous 30 140 | 162 41 | 25-35 | 20-120| 6.8) 2ll 
10 “ " 30 140 | 220 41 17-24 | 30- 85 | 5.7) 202 


* Single injection unless otherwise indicated by the figures in parentheses. 
¢t Determined on whole blood about 1 week before sacrifice. 


centration of pyruvate was varied in Experiment 2 (Figs. 1 and 2). This 
substrate was always added in 0.5 cc. of a solution made isotonic with NaCl. 
All samples were counted with a thin end window Geiger-Miiller counter 
which had an efficiency of 5 to 7 per cent. 

Preparation of Liver Slices and Incubation Procedure—The rats were 
sacrificed by cervical fracture, and their livers quickly excised. Liver 
slices approximately 0.5 mm. thick were prepared free-hand with a razor 
blade, and placed in a bicarbonate (4) or phosphate (5) buffer. The whole 
liver and the slices were kept at a low temperature during the slicing period. 
Approximately 500 mg. of slices were gently blotted on filter paper, weighed 
on a torsion balance, and placed in the incubation flask. 

The incubation flask described by Chernick et al. (6) was used. The 
liver slices were placed in its main compartment, together with 4.5 cc. of 
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bicarbonate or phosphate buffer and 0.5 cc. of the substrate solution. The 
incubation procedure has been described elsewhere (6). 
Methods of Analysis—The collection of C™“O:, the isolation and deter- 


TaBLe II 
Experiment 1. Incorporation of Sodium Pyruvate-2-C'* into Fatty Acids and CO; 
by Livers of Allozan-Diabetic Rats, Untreated and Treated with Insulin 

500 mg. of liver slices were incubated for 3 hours at 37.5°. In the flasks with 
bicarbonate buffer the gas phase was 95 per cent O2 and 5 per cent CO:, while in those 
with phosphate buffer the gas phase was O;. In the latter flasks CO,-free NaOH 
was introduced into the center well at zero time in order to provide continuous 
absorption of the expired CO;. Duplicate flasks were incubated, and each figure 
reported below is the average of two separate determinations. 


Liver composition Bicarbonate | Phosphate buffer 
Pretreatment |, Blood Per cent sodium/Per cent sodium 
cat protamine civer | Total Total Total 
fat carbo- COs 
weight | acids | hydrated | | 
days perk. per cont| me. 
1; 0 0 | S48 | 9.7) 2.2 4.1 | 38 0.8 
2; 2 50 193 | 17.5; 4.5 5.9 | 13 26 
3, 0 | 944 /12.0; 2.1 4.4 36 32 | 2.1 
4; 2 50 | 313 | 20.7; 5.1 10.4 6.4 | 40 12 | 23 
5| 0 0 | 85 (11.0; 2.4 4.5 | 32 2.7 | 27 0.9 
6, 2 50 214 | 21.5; 6.8 7.5 | ll 38 15 | 29 
7; | 6044, 11.6| 2.3 5.0 | 40 6.7 | 35 1.7; 5.0 
8/ 2 50 111 17.1] 7.5 7.0 | 13 48 | 41 7.2 
9; 0 0 | 62; 7.9} 1.7 5.4 36 4.6 
10 | 2 50 115 | 6.3 6.9 24 5.6 


* In addition, Rats 2, 4, 6, 8, and 10 received 10 units of unmodified insulin exactly 
2 hours before sacrifice. 

t Determined on whole blood. 

t Calculated from the weight of BaCO,; after combustion of fatty acid-C'*. 

§ In slices taken from the pool approximately 30 minutes after sacrifice. 


mination of fatty acids, and the carbohydrate analyses have all been de- 
scribed in previous reports (6, 1). 

In order to determine the total amount of CO, expired, approximately 
500 mg. of slices were incubated in phosphate buffer in an oxygen atmos- 
phere. The expired CO, was absorbed on filter paper saturated with CO,- 
free NaOH and collected in a CO,-free atmosphere, at the end of the incu- 
bation period, in the usual manner. An aliquot was titrated with standard 
HCl to the phenolphthalein and to the brom cresol green end-points, and 
the amount of CO, present was calculated from the titration difference. 
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Results Ir 
Experiment 1. Fatty Acid and Carbohydrate Contents of Livers of Un. incr 
treated and Insulin-Treated, Diabetic Rats—The fatty acid content of the re 
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Fics. 1 AND 2. 500 mg. of liver slices were incubated in bicarbonate buffer for3 | mucl 
hours at 37.5°. From 25 to 100 um of sodium pyruvate with a C activity of 2.75 x 10 lacta 
c.p.m. per micromole were added to each incubation flask. ence 
livers of diabetic rats was about 2 per cent of the wet weight of the liver, | for t 
while that of the livers of insulin-treated animals ranged from 4.5 to 7.5] C* 
per cent (Table II). bicar 
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In the injected group, the total carbohydrate content of the liver was 
increased, in one case rising to 10.4 per cent. The average increase was 
60 per cent above the diabetic level. All samples were taken from a pool 
of slices approximately 30 minutes after the rats were sacrificed. 

Incubation of Liver Slices with Pyruvate-2-C“ in Bicarbonate Buffer— 
From 32 to 40 per cent of the added C™ was incorporated into CO, by liver 
slices prepared from diabetic rats. Considerable variability was observed 
in the conversion of the a-carbon of pyruvate into fatty acids by liver 
slices of these animals, the values ranging from 0.8 to 8 per cent of the 
added 

The CO, expired by the liver slices of insulin-treated, diabetic rats 
contained only 6 to 13 per cent of the added C™, but from 26 to 48 per cent 
of the isotope was recovered in fatty acids. Moreover, since the livers 
of the injected rats were 80 to 90 per cent heavier than those of untreated 
diabetics of essentially identical body weight, the increase in synthetic 
capacity of the whole liver of the insulin-treated animals was even more 
striking than our data would indicate. 

Incubation of Liver Slices with Pyruvate-2-C“ in Phosphate Buffer—The 
recoveries of C“O, and fatty acid-C™ were, on the whole, lower in the ex- 
periments carried out in the phosphate medium than in the bicarbonate 
buffer. But the stimulation in fatty acid synthesis, as well as the reduc- 
tion in C“O, recoveries under the influence of insulin, is again evident. 

In contrast to the reduced CO, recoveries observed in the livers of 
insulin-injected rats, total CO, expired by these livers increased from about 
5 mg. in the uninjected to 6 to 7 mg. in the injected rats (Table II). 

Experiment 2. Concentration Study—The following concentrations were 
tested: 25, 50, 75, and 100 um of sodium pyruvate in 5 cc. of incubation 
medium. The results are shown in Figs. 1 and 2. The decreased CO, 
recoveries, as well as the increased fatty acid-C™ recoveries in the insulin- 
treated rats, were observed at all of these concentrations. The curves 
indicate that, under the conditions of our experiment, the utilization of 
pyruvate is roughly proportional to its concentration in the medium. 


DISCUSSION 


The conversion of the a-carbon of added pyruvate to CO, and its utili- 
tation for fatty acid synthesis by liver slices were parallel to those observed 
for the corresponding carbon of lactate (1). However, about twice as 
much CO, and fatty acid-C™ were derived from pyruvate-2-C™ as from 
lactate-2-C™. Since pi-lactate was used in our earlier study, this differ- 
ence can be explained by the relative specificity of lactic dehydrogenase 
for the L stereoisomer of lactate. 

CO, recoveries, in the experiments with the phosphate as well as the 
bicarbonate buffer, were severely reduced by insulin. The finding that the 
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livers of the insulin-treated rats contained much more carbohydrate and 
fat than did those of the untreated rats raised the question whether a 
greater dilution of the pyruvate and (or) C-2 pools could account for 
the difference in the CO, recoveries observed in the experiments with 
these two types of livers. In this connection it should be noted that a 
dilution effect was not observed in CO, recoveries when the concentra 
tions of exogenous pyruvate were varied from 25 to 100 um per flask 
(Fig. 1). The demonstration that the C™ recoveries were directly pro- 
portional to the concentration of the added substrate indicates that wide 
variations in the size of the pyruvate pool have little effect upon the re- 
coveries of C“O? and fatty acid-C™ in either the diabetic or insulin-treated 
diabetic liver. 

The reduction in the conversion of the pyruvate-2-C™ to CO, induced 
by insulin was not accompanied by a similar change in total CO, produe- 
tion by the liver. Indeed, the quantities of CO. produced by 500 mg. of 
liver slices obtained from insulin-treated rats were somewhat higher than 
those produced by the same amount of hepatic tissue of untreated diabetic 
rats (see the last column, Table II).'. The effect of insulin on pyruvate 
oxidation is, therefore, not the result of a depression in the over-all CO, 
production by the liver. 

The dramatic increase in the synthesis of fatty acids at the expense of 
the added pyruvate and the concomitant reduction in its oxidation ob- 
served under the influence of insulin provide confirmation of the view 
we expressed earlier on the réle of insulin in shifting the fate of the C-2 
fragment arising from this intermediate. Since this shift in the propor- 
tions of the C-2 fragments utilized for oxidative and synthetic reactions 
involved no decrease in total CO, production? in the liver, it would appear 
that the production of C-2 fragments was increased in the liver of the 
insulin-treated rat. 


SUMMARY 


1. The fate of pyruvate-2-C" was studied in surviving liver slices pre- 
pared from (1) alloxan-diabetic rats and (2) alloxan-diabetic rats that 
were injected with insulin for 2 days before sacrifice. 

2. From 30 to 40 per cent of the a-carbon was oxidized to CO; by liver 
slices of diabetic rats. Previous insulin injections severely reduced the 
oxidation of this carbon. This insulin effect was not accompanied by 4 
decrease in total mg. of CO, produced (phosphate buffer). 

' The CO, measurements were carried out in the phosphate buffer. _ 

2 Injections of insulin for 2 days increased the size of the liver (Table II). Thus 


the total CO, produced by the whole liver in the insulin-treated rat was far greater 
than that of the diabetic rat. 
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3. Liver slices of the diabetic rat incorporated from 1 to 8 per cent of 
the pyruvate-2-C™ into fatty acids. The recoveries observed with the 
livers of the hormone-treated rats ranged from 26 to 48 per cent, a 5-fold 
increase. 

4. The above C" values were observed in experiments carried out in a 
bicarbonate buffer, but similar insulin effects were also found in experi- 
ments with a phosphate buffer. 

5. The conclusion is drawn that insulin shifts the metabolism of the 
C-2 intermediate derived from added pyruvate from an oxidative fate 
to one involving synthesis. 


1. Felts, J. M., Chaikoff, I. L., and Osborn, M. J., J. Biol. Chem., 191, 683 (1951). 

2. Lipschitz, M. A., Potter, V. R., and Elvehjem, C. A., J. Biol. Chem., 123, 267 
(1938). 

3. Buchanan, J. G., Dekker, C. A., and Long, A. G., J. Chem. Soc., 3162 (1950). 

4. Krebs, H. A., and Henseleit, K., Z. physiol. Chem., 210, 33 (1932). 

5. Krebs, H. A., and Eggleston, L. V., Biochem. J., 94, 442 (1940). 

6. Chernick, 8. S., Masoro, E. J., and Chaikoff, I. L., Proc. Soc. Exp. Biol. and Med., 
78, 348 (1950). 


and 
er a 
for 
with 
at a 
ntra- 
flask 
pro- 
wide 
re- 
ated 
BIBLIOGRAPHY 

uced 
duc- 
g. of 
than 
betic 
vate 
CO, 
se of 
ob- 
view 
C-2 
ypor- 
Lions 
pear 
the 
pre- 
that 
liver 
the 
by 
Thus 
eater 

XUM 


(Fro 


IN 
li 
ysis 
and 
and 
fron 
acid 
This 
oxid 
were 
the 
and 
T 
Inco 
acid 
in a 
tere 
live 
T 
usec 
trea 
S 
sup] 
the 
Mii 
wer 
con 
Ii 
heer 
A 


INSULIN AND THE FATE OF ACETATE AND FORMATE IN 
THE DIABETIC LIVER* 


By J. M. FELTS, I. L. CHAIKOFF, anno M. J. OSBORN 


(From the Division of Physiology of the Untversity of California School of Medicine, 
Berkeley, California) 


(Received for publication, June 13, 1951) 


Insulin has a pronounced metabolic effect at the bridge between glycol- 
ysis and the oxidative cycle. This was shown in studies with C"-lactate 
and surviving liver slices prepared from normal rats, alloxan-diabetic rats, 
and diabetic rats treated with insulin (1). The C-2 intermediate derived 
from the lactate was incorporated, as an intact unit, into long chain fatty 
acids, and this incorporation was greatly augmented by insulin injections. 
This increased fatty acid synthesis was associated with a reduction in the 
oxidation of the a- and 8-carbon atoms to CO,. These 2 carbon atoms 
were not, however, oxidized to CO, at the same rate. The a-carbon of 
the lactate was converted to CO, at about twice the rate of the 8-carbon, 
and this was the case regardless of the experimental state of the liver. 

The present investigation deals with the influence of insulin on the 
incorporation of acetate-1-C™, acetate-2-C", and formate-C™ into fatty 
acids and CO, in the liver. The results obtained with these acetates are 
in agreement with our findings on the a- and 8-carbons of lactate. In- 
terestingly enough, the oxidation of the added formate to CO, in the 
liver is also reduced by insulin. 


EXPERIMENTAL 


Treatment of Animals—The diabetic histories of the Long-Evans rats 
used in this study are recorded in Table I. Their maintenance and pre- 
treatment have been dealt with elsewhere (1). 

Substraltes—The acetate-1-C", acetate-2-C", and formate-C" were kindly 
supplied by Dr. B. M. Tolbert. All three compounds were received as 
the sodium salt. The C™ content of each substrate was determined as 
previously described (1) and counted with a thin end window Geiger- 
Miller tube which had an efficiency of 5 to 7 per cent. The substrates 
were added to the incubation medium in a volume of 0.5 cc. and in the 
concentrations stated in Table III. 

Incubation Procedure—The incubation medium (2) and procedure have 
been described elsewhere (1, 3). 

Analytical Methods—The method of collection of CO, at the end of the 


* Aided by a grant from Eli Lilly and Company. 
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incubation period has been described in another paper (3). The total} 2° 
lipide fraction was recovered from the hydrolyzed tissue, freed of choles | *¥4 
terol by digitonin precipitation, and purified as previously described (1),} 4 
A spot test with ninhydrin failed to reveal the presence of amino acids in} (“C 
a concentrate of the final petroleum ether extract. An aliquot of the} 4 
fatty acids obtained after combustion was assayed by methods previously | “" 
stated (1, 4-6). A 
redu 
Tasie I cont 
History of Diabetic Rats 
Rat weight Degree of diabetes 
RatNo*| Ser | of diabetes! Daily fo04 | wrine | Highest | F 

om. cm. days | gm. img. per casi Ye 

1 | F 20 189 | 79 | 18-40 | 50-180 | 4.6 | 388 
2 “ 150 «183 | 50-200 | | 

3 M. | 25 | 20 | 33 | 1627 | 50-136 | 7.2 | 265 
4 “ 230 216 | 35 | 422 | 40110 | 6.7 | 410 , 

5 “ 300 | 283 | 38 | 1523 | 390 | 5.1 | 2m 
6 | « 190 | 163 | 30 | 1220 | 16-55 | 7.4 251 2 

160 82 16-22 60-190 | 8.9 | 312 
8  “ | 175 185 32-223 | 10.2 | 404 3 


* Diabetes was induced in Rats 1, 2, and 5 by subcutaneous injection of 100 to @ 4 
mg. per kilo of body weight of alloxan monohydrate; in Rats 3 and 4, by several 
subcutaneous injections over a period of 3 weeks of 100 mg. per kilo of body weight 
of alloxan monohydrate; in Rats 6, 7, and 8, by intravenous injection of 40 mg 
per kilo of body weight of alloxan monohydrate. 

t All rats were fed for 3 days before they were sacrificed a synthetic diet consist- 
ing of 58 per cent glucose, 22 per cent casein, 6 per cent salt mixture (1), 12 per cent 
Cellu flour, 2 per cent VioBin liver powder, and a water-soluble vitamin mixture (1). 
Every other day, each rat received 1 drop of sardaline (vitamins A and D) and 2 mg. 
of a-tocopherol acetate dissolved in corn oil. 

t Determined on whole blood, after a 24 hour fast, about 1 week before sacrifice. 


Blood sugar and tissue carbohydrate were estimated in the usual manner 
(1, 7, 8). 


Results ever 

The injection of insulin for 2 days resulted in an increase in the siz 
of the liver. In Experiments 1, 2, and 4, the insulin injections also in- 
creased the carbohydrate and fatty acid contents of the liver. This is} T 
shown in Table II. fruc' 
500 mg. portions of liver were incubated with each of the following | tabl 
compounds: acetate-1-C", acetate-2-C", and formate-C", In each experi- | sid: 


d (1). 
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ment shown in Table III, the metabolism of these three compounds was 
studied in the same liver. 
Acelate-1-C'—From 25 to 40 per cent of the added C™“ was oxidized to 
C“O, in the diabetic rat liver slices. Insulin injections reduced this oxi- 
dation by 40 to 90 per cent of that observed in the diabetic. Fatty acid- 
C“ formation was increased 4- to 90-fold. 

Acetate-2-C“—Under the influence of insulin, the C“O, recoveries were 
reduced and the fatty acid-C™ recoveries were increased. The extent of 
conversion of this compound to C“O, was much lower than that of acetate- 


II 
Carbohydrate and Fatty Acid Content of Liver Slices 
2 
State as per —_ of at 
mat | No. body weight | sacrifice” | 
carbo- fatty 
hydratet | acids 
l 1 Diabetic 180 5.4 848 4.1 2.2 
2 “ + insulin 183 9.6 193 5.9 4.5 
2 3 “ 220 5.5 944 4.4 2.1 
4 = + insulin 216 9.6 313 10.4 5.1 
3 | 5 “ 23 «3.8 | 615 | 66 | 2.9 
6 eo + insulin 163 5.9 264 6.4 2.3 
“ 140 | 5.2 | 85 | 39 | 1.3 
8 “ + insulin 185 7.0 450 | 10.9 | 2.0 
* Determined on whole blood. 


¢t Determined on slices taken from the pool approximately 30 minutes after 
sacrifice. 
¢ Calculated from the weight of BaCO, after combustion of fatty acids. 


1-C“%. This was true for the livers of the injected as well as of the un- 
injected rats. 
Formate-C“—From 18 to 24 per cent of the added formate was con- 
verted to CO, in the diabetic liver. Insulin injections reduced the oxida- 
tion of this compound by 50 to 60 per cent. The incorporation of C“ 
of formate into fatty acids was quite small. Insulin injections did, how- 
ever, increase the incorporation of this carbon into fatty acids. 
DISCUSSION 


The reduction in the capacity of the diabetic liver to convert glucose, 
fructose, acetate, lactate, and pyruvate to fatty acids has been well es- 
tablished (1, 9-11). The rdéle of insulin in restoring synthesis of fatty 
acids was most dramatically demonstrated in the experiments with lactate. 
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Under the influence of insulin, the incorporation of its a- and 8-carbons 
into fatty acids was increased as much as 100-fold. This increase in syn. 


Taste Ill 
Fate of Acetate-C'* and Formate-C'* 


Liver slices were incubated in a bicarbonate buffer at 37.5°. The gas phase wu 
95 per cent O; and 5 per cent CO;. Each value reported is the average of two sepa. 
rate determinations, which were counted to a net deviation of +5 per cent. 


‘Per cent of added Na Per cent of added Na Per cent of added 
recov- recov- formate-C™ recov. 


Experi- Pretreatment with ered as ered as 
ment Rat No. ; 
COs | acids | | 
| | 13.1 0.37 23.6 0.00 
2 | so | 132/229 3.7 | 24 | 10.0 | 0.01 
0 H6 2.1 2.0 04 06 
50t 40 98 O7 19.1 84 0.2 
3 | | 0 4.9 14 61 1.85 | 18.0 | 0.0 
6 3 ot 1.4) 59 | 50 60 98 | 0.0 
4 am 0 2.9 O16 13.2 0.22 19.0 0.0 
8 2 Ot 4.3 17.3 84 


! 


* Experiment 1, 500: mg. of liver slices incubated for 3 hours with 30 unt of a acetate- 
1-C**, 30 of acetate-2-C'*, and 50 um of formate-C'*. Experiments 2 to 4, 500 mg 
of liver slices incubated for 3 hours with 50 ue of all three substrates. 

t In addition to the dose listed here, each rat also received 50 units of unmodi- 
fied insulin per kilo of body weight exactly 2 hours before sacrifice. 


Tasie IV 
Effect of Insulin on Incorporation of Formate-C** and Lactate-1-C™* into Fatty Acids 
in Vitro 
Diabetic 4- 33 | 4- ll 
- + insulin | 118-170 | 28-101 


. Figures s as counts per minute above background represent the range of valuw 
for four separate experiments. The initial activity in each case was 1 X 10° c.p.m. 
The counting accuracy was approximately +20 per cent on low values. 


thesis was accompanied by a severe depression in the oxidation of the 2 
carbon atoms to CO,. These findings led us to conclude that insulin 
shifts the metabolism of the C-2 fragment from an oxidative fate to one 
involving synthesis. This conclusion is fully borne out by the results 
obtained in the present study with acetate. Both with respect to oxida- 
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tion to CO, and incorporation into fatty acid molecules, the effect of insulin 
on acetate-1-C™ and acetate-2-C" resembled closely that observed earlier 
with the a- and 8-carbons of lactate. The question whether this effect 
represents a direct action of insulin, or whether it is secondary to a repair 
of the defect in carbohydrate utilization at the hexokinase level cannot 
be answered at this time. 

The 2 carbons of the C-2 unit derived from lactate are converted to 
CO, at different rates regardless of the experimental state of the animals, 
the a-carbon at about twice that of the @-carbon. The present study 
shows that the 2 carbons of acetate follow the same pattern; indeed, the 
difference in the rates of their oxidation to CO, is even more exaggerated. 

The capacity of the liver to oxidize formate to CO; is also influenced 
by insulin. The conversion of formate-C" to CO; was 50 to 60 per cent 
less in the experiments carried out with the livers of insulin-injected, dia- 
betic rats than in those with livers of the uninjected controls. 

While it is true that formate gave rise to little or no fatty acids in the 
diabetic rat, our results nevertheless leave no doubt that insulin has a 
definite effect upon this reaction. This is shown in Tables III and IV. 
The fatty acid-C™ recovered from formate was in the same range as that 
from lactate-1-C". Despite the similarity in the incorporation of the 2 
carbons into fatty acids by the livers of the insulin-injected, diabetic rats, 
it is of interest to note that the hormone decreased the oxidation of for- 
mate to CO, but had no measurable effect on the decarboxylation of lac- 
tate. It is possible that the incorporation of formate-C" as well as lactate- 
1-C" into fatty acids occurs via CO, fixation (12) or a series of reactions 
involving formation of serine (13). The réle of insulin in these reactions 
needs further investigation. 


SUMMARY 


1. The fate of acetate-1-C™, acetate-2-C", and formate-C™ was studied 
in surviving liver slices prepared from (1) alloxan-diabetie rats and (2) 
diabetic rats that had been injected with insulin for 2 days before they 
were sacrificed. 

2. Each liver examined incorporated identical amounts of acetate-1-C™ 
and acetate-2-C™ into fatty acid. In the experiments with diabetie liver 
slices, the recoveries of fatty acid-C™ were as high as 2 per cent. In 
those with liver slices prepared from the insulin-treated rats, the corre- 
sponding values ranged from 6 to 23 per cent. 

3. The diabetic liver oxidized from 2 to 4 times as much acetate-1-C" 
to CO, as it did acetate-2-C™. 

4. Insulin severely reduced the oxidation of both acetate-1-C"™ and ace- 
tate-2-C™, but not proportionately. 


rbons 
1 SYn- 
Was 
sepa. 

ids 
1.0 
).01 
).2 
02 
*tate- 

mg 
nodi- 
Acids 

wered 
alues 
he 2 
sulin 
one 
ults 
ida- 


562 FATE OF ACETATE AND FORMATE 


5. Insulin injections depressed the oxidation of formate-C" to C0, 
The hormone also stimulated the incorporation of formate carbon into 
fatty acids, even though the actual amounts of the formate-C™ recovered 


as fatty acid-C™ were quite small. 
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EFFECT OF POTASSIUM ON ELECTROLYTES OF RAT 
PLASMA AND MUSCLE 


By EDWARD MUNTWYLER anv GRACE E. GRIFFIN 


(From the Department of Biochemistry, College of Medicine, State University of New 
York Medical Center at New York, Brooklyn, New York) 


(Received for publication, July 18, 1951) 


Studies by Darrow and his coworkers (1, 2) have shown that, when 
renal adjustment is reached in the presence of a deficit of sodium, chloride, 
or potassium, a correlation exists between the electrolyte compositions of 
plasma and skeletal muscle. The present authors (3) have been interested 
in the relationship between the electrolyte compositions of plasma and 
muscle which obtains in the presence of a deficiency of potassium. Rats 
with a deficit of potassium exhibit an elevated plasma bicarbonate con- 
tent and a lowered plasma chloride concentration. These latter plasma 
changes are typical for the potassium-deficient rat and seem to be closely 
related to a potassium loss and a sodium gain in skeletal muscle. 

Conway and Hingerty (4) induced a low potassium and high sodium 
content in muscle by feeding a potassium-deficient diet to rats, and then 
observed the restoration following dietary supplementation with potas- 
sum. Upon administering a diet rich in potassium, the level of skeletal 
muscle potassium was found to be rapidly restored, while the elevated 
muscle sodium returned to normal only after several days. From this 
observation, the latter authors concluded that mammalian muscle has 
the power of slowly extruding sodium from within the muscle fibers and 
that the extrusion of the sodium is a relatively slow process when com- 
pared with the rate of potassium entrance. 

The finding of Conway and Hingerty (4) that potassium supplementa- 
tion in potassium-deficient rats results in a rapid gain of muscle potassium 
and a slow loss of sodium raises the question of the existence of a similar 
situation during potassium depletion; that is, a rapid loss of muscle potas- 
sum and a slow gain of sodium. Previous studies have primarily been 
concerned with the changes encountered in animals with a pronounced 
potassium deficiency. Few or no data are available showing the suc- 
cessive changes in the electrolyte and water content of plasma and muscle 
during the course of potassium depletion and during the course of potas- 
sum restoration. The present experiments were therefore carried out 
with the primary object of providing such data. 
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ELECTROLYTES OF PLASMA AND MUSCLE 


Methods 


Young adult male rats of the Wistar strain, of a uniform age and weight, 
were placed on a control diet for a period of at least 7 days. With the 
exception of differences specified later, the control and experimental diets 
had the same composition as those employed in a previous study (3). In 
general, the procedure of varying the dietary supply of sodium, chloride, 
and potassium entailed altering the salt mixture (5) of the diet with re. 
spect to its content of these elements. Potassium deficiency was induced 
in one group of rats by feeding a low potassium, normal sodium and chlo- 
ride diet and, in a second group, by the daily injection of 2 mg. per day 
per rat of desoxycorticosterone acetate (DCA).' Potassium was admin- 
istered to certain animals after they had been maintained on the potas. 
sium-deficient diet for 5 weeks. In most instances this was accomplished 
by resuming the control diet or by feeding a diet containing twice the 
potassium content of the control diet. A few of the potassium-deficient 
animals received an intraperitoneal injection of potassium chloride (| 
m.eq. of K per 100 gm. of body weight) and were sacrificed 4 hours later. 

At the completion of an experimental period, the rats were placed under 
sodium pentobarbital anesthesia and arterial blood was collected under 
oil by direct puncture of the left ventricle. The gastrocnemius muscles 
were then removed. In order to provide adequate samples for the several 
analyses, equal aliquots of plasma, separated under oil (heparin served 
as anticoagulant) from two rats of the same control or the same experi- 
mental group, were combined under oil. The gastrocnemius muscles from 
the two rats were also combined and sampled. In tabulating the data, 
therefore, the designation of the number of animals employed in a given 
experiment represents the number of “pairs” of animal. 

By methods previously described (3), the following determinations were 
made on the plasma: water, sodium, potassium, chloride, and total CO; 
on the muscle, water, chloride, sodium, potassium, and total fat. The 
plasma bicarbonate was calculated from the figure for plasma total CO; 
by the Henderson-Hasselbalch equation, assuming a constant pH of 7.4. 
The data obtained on muscle are presented in terms of 100 gm. of fat-free 
solids. No correction was made for the chloride, which apparently does 
not react like extracellular chloride (6) in calculating the water and min- 
eral partition in muscle. The volumes of the extracellular (F) and intra- 
cellular (C) phases of muscle were calculated in the manner outlined by 
Hastings and Eichelberger (7) and on the basis of 1000 gm. of fat-free 
tissue. In order to approximate the volume changes produced in the 
extracellular and intracellular phases of 1000 gm. of original muscle, the 


1 We are indebted to the Ciba Pharmaceutical Products, Inc., for the generous 
supply of ‘“‘percorten’’ which was employed in these experiments. 
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calculations were made relative to the control series, assuming a constant 
slid content of the intracellular phase. 


Results 


The results of the analyses of plasma and muscle of rats subjected to 
different periods of potassium depletion are summarized in Table I, while 
the results of similar analyses of samples obtained from rats with potas- 
sium deficiency followed by potassium administration are presented in 


TABLE | 
Average Electrolyte Content of Plasma and Skeletal Muscle of Rats during 
Potassium Loss 
Muscle per 100 fat-free 
a — Plasma per kilo water solide 
rats 
Na Ci HCO;; HO Cl Na K 

days | m.eq. | m.eq. | m.eq.| m.eqg.| gm. | m.eq.| m.eq. 
Control 9 | 7-35 (154.4) 4.3 105.5) 28.1/327.1 5.1 | 9.4 46.1 
Low K 2 7 |152.9| 4.9 104.3) 30.0/327.0 6.9 | 11 3 42.9 
2 14 157.6) 2.3 102.6) 33.0/324.2 6.9 | 13.3 38.1 
2 21 (158.6 2.7 | 99.2 34 4/327. 2 6.7 | 14.4) 37.6 
2 28 (159.4 2.9 | 96.2 37.4/3824.4| 5.0 | 16.2 37.5 
7 35 (155.9) 2.3 | 91.6) 41.1/318.5) 4.2 | 17.4) 33.9 
Control + DCA* 2 3 (153.4) 3.7 | 99.6) 31.7/323.2 4.4 | 11.4) 44.3 
2 7 (153.5) 3.0 | 93.3 37. 9819.9 4.2 | 15.0, 37.4 
2 11 (151.2, 3.1 | 90.4) 39.91321.8 4.2 | 15.8) 36.6 
a 2 14 154.8 2.9 | 90.8 41.1/323.8 4.0 | 16.4) 35.9 
Low K, followed by high) 6 | 1-12 155.1 2.4 99.7) 36.1/308.1) 4.3 | 15.8) 33.6 

Cl diet t | 


* Daily subcutaneous injection of 2 mg. per rat. 
t Low potassium diet for 35 days, followed by a low potassium, low sodium, and 
high chloride diet. 


Table II. In Table III is presented a summary of the calculated muscle 
phase values. 

Plasma and Muscle Changes during Potassium Loss—From the data pre- 
sented in Table I, it will be noted that, during the course of potassium 
depletion induced by dietary potassium lack or by DCA administration, 
there occurred a progressive decrease of the plasma chloride concentration 
and an essentially equivalent rise of the plasma bicarbonate content. The 
plasma potassium concentration promptly decreased to a relatively con- 
stant low level. Simultaneous with the plasma electrolyte changes, the 
muscle potassium fell and the muscle sodium increased. During the early 
period of potassium depletion, there was a precipitous fall of the muscle 
potassium when compared with the further decrease which occurred later. 
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Thus, during the first 2 week period of feeding a low potassium diet, ther 
was an average loss in muscle potassium of 8.0 m.eq. per 100 gm. of fat. 
free solids when compared with the average control value. During the 
succeeding 3 week period there was an additional average loss of only 
4.2 m.eq. of potassium. Similarly, after the first 7 days of DCA admin. 
istration, the average change of muscle potassium from the control level 
amounted to 8.7 m.eq. per 100 gm. of fat-free solids, compared with the 
further average decrease of 1.5 m.eq. which occurred during the second 
7 day period. The muscle sodium appeared to increase at a fairly con- 
stant rate in those rats maintained on a potassium-deficient diet. Con- 
sequently, the ratio of muscle potassium loss to sodium gain in thes 
animals was higher in the initial than in the later periods of dietary potas. 
sium lack. Upon DCA administration, on the other hand, the increment 
of muscle sodium increase was found to be significantly greater for the 
first 7 days than for the second 7 day experimental period. Thus, no 
precise relationship was obtained between the deficit of muscle potassium 
and the increase of sodium during potassium loss. With a pronounced 
deficiency there is not a complete replacement of muscle potassium by 
sodium and in the present experiments the ratio of potassium loss to 
sodium gain tended to approach 1.5. 


Recorded in Table I are the average data from the analyses of plasma 
and muscle of rats maintained on a low potassium diet for 5 weeks and | 
then transferred to a low potassium, low sodium, high chloride diet for 1 | 
to 12 days. After 1 day on the latter high chloride diet, the average 
plasma chloride concentration was found to be 99.3 m.eq. and the plasms 
bicarbonate content to be 36.0 m.eq. per 1000 gm. of water. When com 
pared with the corresponding concentrations found in the animals givens 
low potassium diet for 35 days, these figures indicate a prompt and definite. 
tendency toward normal plasma chloride and bicarbonate levels. How- 
ever, the latter levels apparently represented a maximum response, of 
perhaps an equilibrium situation, for the specific dietary mineral supply, 
since no further change toward normal was found even in animals sac- 
rificed after consuming the diet for 12 days. Within the group of animals 
there were no significant differences in the levels of muscle potassium and 
sodium. The average potassium content of muscle of 33.6 m.eq. per 10 
gm. of fat-free solids is almost identical with, while the average muscle 
sodium of 15.8 m.eq. is 1.6 m.eq. lower than, the corresponding average 
values observed in the animals given the low potassium diet for 5 weeks. 

Changes in Plasma and Muscle during Potassium Restoration—From the 
average data presented in Table II, it will be seen that the resumption o 
the control diet by the potassium-depleted rats was promptly followed by 4 
trend toward a normal electrolyte composition of both the plasma and 
muscle. However, complete restoration was not evidenced in these ani 
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nals even after they had consumed the diet for 3 days. The results of 
the observations on these animals differ in several respects from those 
reported by Conway and Hingerty (4). The latter authors found that, 
when potassium-depleted rats were placed on a potassium-rich diet, the 


muscle potassium was completely restored in 24 hours, while a significant 
decrease in the muscle sodium was found to occur only after 3 days. In 


level 
ith the} “dition, their animals exhibited an elevated serum potassium concen- 
second} tation following the resumption of the potassium-rich diet. In the 
con- TaBie II 
Con-} tserage Electrolyte Content of Plasma and Skeletal Muscle of Rats with Potassium 
| these Loss Followed by Potassium Supplementation* 
to. 
Plasma per kilo water go fat-free 
Supplementation No. of | Diet 
us, no Na | K | Cl |HCOs| HO Cl | K 
aSSiUM days | m.eq. | m.eq. | m.eq. | m.eq. | gm. | m.eq.| m.eq. | m.eq 
yunced | Control 2 /157.4; 2.9 | 96.2) 39.5/327.9, 4.9 15.6 39.2 
im by 1 2 2 151.2 3.4 | 98.2 37.61324.1 4.5 14.4 37.2 
oss to 2 3 (156.1 3.8 |103.0) 31.9)327.2, 4.9 12.3 43.7 
6 6-12 (154.3 4.2 |106.5, 29.4/327.8 5.5 46.9 
High K and normal Na 5 1 /155.9 4.3 |101.6) 33.7\325.1 4.6 | 13.5 43.4 
lasms | and Cl diet | | | 
and | | 3 2 151.9, 3.8 (104.4 30.5)327.1) 5.0 12.4 44.0 
for “ [152.2 4.2 106.0, 29.6)323.1) 4.8 | 10.3, 44.7 
verage. | 3 6-12 150.5, 4.4 102.2 29.6/321.7,4.6 9.4 44.7 
High Kandlow Naand 3 2 149.9 3.1 | 95.7) 36.4/325.5 4.1 15.1 40.2 
Cl diet | | | 
| COM- Intraperitoneal injection 2 | 150.3 3.3 101.3 34.6:329.4 4.7 | 15.5 37.9 
ivena of KCIt ae | | | 
Hen | . * Potassium administered after the animals were maintained on a low potassium 
diet for 35 days. 
se, & + Sacrificed 4 hours after an intraperitoneal injection of 1 m.eq. of K per 100 gm., 
ipply, body weight, employing a 200 m.eq. per liter solution of KCI. 
<< present study an elevated plasma potassium concentration was not ob- 
1 and| *tved in any of the animals. Further, it will be noted that the resump- 
r 199| ion of the control diet for 1 day resulted in an increase of 5.3 m.eq. of 
usc | Muscle potassium per 100 gm. of fat-free solids and a loss of 1.8 m.eq. of 
erage sodium, when compared with the average values encountered in the ani- 
eks, | Mals fed a low potassium diet for 35 days (Table I). Thus, the muscle 
n the| Potassium of these 35 day potassium-depleted rats observed 1 day after 
on of| suming the control diet was only partially restored. At the same time, 
bys there was evidence that the gain of potassium was accompanied by a loss 
of muscle sodium. 
-ani-| The results of the latter experiment prompted additional studies on 
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potassium-depleted rats given access to a diet containing potassium in 
twice the amount present in the control diet. From the average data 
presented in Table II it is seen that, in the group of rats which had con- 
sumed the high potassium, normal sodium and chloride diet for 1 day, 
the muscle potassium was 43.4 m.eq. and the muscle sodium was 13,5 
m.eq. per 100 gm. of fat-free solids. Compared with the corresponding 
values found in the group of animals receiving the low potassium diet for 
35 days, this represented a 9.5 m.eq. increase in potassium and a 3.9 m.eq. 
fall in sodium. With an extension of the dietary period there was a fur- 
ther small increase in muscle potassium, but the average level found in 
the controls was not reached even in those animals which had consumed 
the high potassium diet for 6 to 12 days. Meanwhile there was a pro- 
gressive fall of the muscle sodium toward the control level. An evident 
explanation for the fact that the muscle potassium in these rats did not 
attain the level found in the control series is not at hand. It might be 
mentioned, however, that Miller and Darrow (8) noted that a high dietary 
potassium intake in rats results in a muscle potassium concentration which 
falls in a low normal range. 

The changes toward normal plasma chloride and bicarbonate concen- 
trations during the Ist day or two following potassium supplementation 
were more pronounced with the high potassium diet than with the control 
diet. The more pronounced change toward normal plasma chloride and 
bicarbonate concentrations paralleled the more rapid restoration of the 
muscle composition. 

As might be anticipated, the sodium and chloride content of the potas- 
sium-containing diet had an effect on the restoration of the plasma con- 
position. The amount of chloride in the diet also seemed to affect the 
restoration of the muscle electrolyte content. Thus, when potassium- 
depleted rats were given a diet high in potassium but low in both sodium 
and chloride for 2 days, the average changes toward normal plasma and 
muscle compositions were less pronounced than those observed in animals 
similarly treated with a high potassium, normal sodium and chloride diet. 

The increase in muscle potassium following dietary potassium supple- 
mentation in potassium-depleted rats was in each experiment accompanied 
by a fall of muscle sodium. It is of interest to note that a similar response 
was encountered when the potassium was administered by intraperitoneal 
injection. Thus, in the two potassium-depleted animals sacrificed 4 hours 
after the injection of KCl, there was an average gain in muscle potassium 
of 4.0 m.eq. and an average loss in sodium of 1.9 m.eq. per 100 gm. of 
fat-free solids when compared with the corresponding average values found 
in the animals fed the low potassium diet for 35 days. 

Changes of Muscle Phases—The foregoing data indicate that during 
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conditions of potassium loss and with potassium restoration the exchange 
of potassium between the extracellular and intracellular phases of muscle 


(F) 


103 


ac 


Taste III 
Average Phase Volume Data of Skeletal Muscle of Rats during Potassium Loss and of 
Rats with Potassium Loss Followed by Potassium Administration* 
The values are expressed in terms of 1000 gm. of fat-free muscle. 
Diet No.of Diet (Nat (K)it 
days meq. | m.eq. gm. 
Control 9 7-35 10 163 
2 14 14 | 146 | 725 | 
eg 2 21 17 | 143 | 725 
2 28 32.136 | «735 
7 35 39 «124 | 733 
Control + DCA 2 3 18 | 157 | 738 
a 2 7 32 | 135 | 736 
2 ll 34. | 131 737 
he. 2 14 36 | 127 | 739 
Low K, followed by 6 | 1-12 | 37 126 729 
high Cl diet | 
Low K, followed by 2 | 30 | 140 | 737 
control diet | 
2 2 29 | 132 738 
2 3 19 154 | 738 
6 | 6-12 7 | 168 | 737 
Low K, followed by | 5 1 25 | 153 739 
high K and normal 
Na and Cl diet | 
| 3 2 20» «155 | 
3 14 | 159 | 739 
| 6-12 11 160 | 737 
Low K, followed by | 3 2 33. | 741 
high K and low Na | 
and low Cl diet | 
Low K, followed by 2 | 32. 132 | 742 
intraperitoneal in- | 
jection of KCl | | 


* Also see the foot-notes at the bottom of Tables I and II. 
t Per 1000 gm. of intracellular water. 


t Per 1000 gm. of intracellular phase. 


§ Calculations of the changes of the muscle phases were made relative to the 


control series, assuming a constant solid content of the intracellular phase. 


is quantitatively greater than that of sodium. This situation may possibly 
result in an altered distribution of muscle water. 
sented the calculated changes of the muscle phases together with the intra- 


In Table III are pre- 
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cellular sodium and potassium contents expressed per kilo of intracellular 
water. From a perusal of the data it will be noted that conspicuous 
changes of the muscle phases were encountered in only two groups of 
animals. The first group consisted of those animals examined during the 
early periods of potassium depletion induced by feeding a low potassium 
diet. Here the average values of the extracellular phase (F) were sig. 
nificantly greater than the control figure. However, the changes in the 
bulk of 1 kilo of muscle were not large and represented an approximate 
balance between an increase of the extracellular phase and a decrease of 
the intracellular phase. The latter changes were less pronounced after 
the longer periods of feeding the low potassium diet. Thus, after 5 weeks, 
the change in the bulk of 1 kilo of muscle amounted to an average decrease 
of 10 gm. per kilo of control muscle and consisted of average decreases of 
8 and 2 gm., respectively, of the intracellular and the extracellular phases. 
Changes from the control of this magnitude are probably not significant. 
The second group represented animals which had been given the low 
potassium diet for 5 weeks and then shifted to a low potassium, low so- 
dium, high chloride diet for 1 to 12 days. In these animals the changes 
in the bulk of 1 kilo of muscle amounted to an average decrease of 45 gm. 
per kilo of control muscle, consisting of an average 32 gm. decrease of the 
intracellular phase and an average 13 gm. decrease of the extracellular 
phase. 

It was not possible to relate closely the partition of muscle water with 
the intracellular distribution of sodium and potassium. With potassium 
loss there was a deficit of the sum of the intracellular concentrations of 
sodium plus potassium, while the sum tended to be increased when the 
potassium-containing diets were resumed. However, with potassium res- 
toration the loss of intracellular sodium was of such a magnitude that the 
sum of the intracellular concentrations of these two cations was not greatly 
in excess of the average normal level. It is of interest to note that the 
relative concentrations of intracellular sodium and potassium underwent 
marked changes without serious alterations in the distribution of muscle 
water. For example, an average intracellular sodium concentration of 
39 m.eq. and an average intracellular potassium concentration of 124 
m.eq. per 1000 gm. of water were found in animals given the low potas- 
sium diet for 5 weeks. In similarly potassium-depleted rats given a high 
potassium diet for 1 day, the intracellular sodium and potassium con- 
centrations were found to be 25 m.eq. and 153 m.eq. per 1000 gm. of water, 
respectively. With the average potassium increase of 29 m.eq. and the 
sodium loss of 14 m.eq., the intracellular water increased from 733 to 
739 gm. per 100 gm. of intracellular phase. However, the calculation of 
the muscle phases relative to the control revealed no unusually large 


changes in volume. 
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DISCUSSION 


Work from several laboratories (3-5, 8, 9) indicates that when rats are 
placed on a low potassium diet the increase in muscle sodium does not 
completely compensate the loss of potassium, even if the dietary period is 
extended to over 100 days (5). The results of the present study demon- 
strated that the ratio of muscle potassium loss to sodium gain is signifi- 
cantly greater during the earlier than during the later periods of potassium 
depletion induced by dietary means. It is of interest to point out that 
the data of Conway and Hingerty (4) obtained on rats fed a low potassium 
diet reveal similar changes in muscle composition. Thus, in their study 
the changes of the mean values from the control levels in 4 days repre- 
sented a loss of 13.7 m.eq. of muscle potassium and a gain of 2.6 m.eq. of 
sodium per 1000 gm. of tissue. The further changes of the mean values 
for the dietary period from 4 days through 26 days amounted to a loss 
of 11.4 m.eq. of potassium and a gain of 11.1 m.eq. of sodium per 1000 
gm. of tissue. It would therefore appear that the change in the muscle 
potassium content accompanying dietary potassium restriction in rats 
simulates a two-phase process. That is, there is an initial rapid loss of 
potassium which is quantitatively greater than the gain of sodium and 
this is followed by a slower loss of potassium which tends to be compen- 
sated by an equivalent gain of sodium. 

Somewhat similar changes in muscle potassium and sodium, but in a 
reverse direction, were encountered when potassium-deficient rats were 
transferred from the low potassium to potassium-containing diet. The 
data reported here differ in two outstanding respects from those observed 
by Conway and Hingerty (4), for which there is no evident explanation. 
The latter authors found that the transfer from a low potassium to a high . 
potassium diet led to a high plasma potassium. Further, it was found 
that, although the muscle potassium was restored in 24 hours, it was 
only after 3 days that a significant decrease in muscle sodium was ob- 
served. In contrast, no increased plasma potassium levels were observed 
in the present study and in each experiment there was a tendency for the 
muscle sodium to return toward normal as the muscle potassium became 
increased. Conway and Hingerty (4) base their explanation of the process 
of restoration of normal muscle composition on the relative rates of pass- 
age of potassium and sodium ions to and from the muscle fibers and on the 
influence of the plasma potassium concentration on the rate of sodium 
ion transfer. The present data indicate that a greater rate of potassium 
than of sodium transfer between the extracellular and intracellular com- 
partments of rat muscle is more conspicuous during the initial than during 
the later periods of potassium deficiency and of potassium restoration. 
This seems to raise the question of the ‘existence of a fraction of intra- 
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cellular potassium which has a greater freedom of exchange between the 
two compartments of muscle. 

Correlation between the electrolyte compositions of plasma and skeletal 
muscle, as first noted by Darrow and his coworkers (1, 2), was in evidence 
in rats during the induction of potassium deficiency and during potassium 
restoration. It would appear that the increased plasma bicarbonate con- 
tent and reduced plasma chloride concentration found in potassium. 
deficient rats cannot be restored to normal by increasing the chloride 
intake without also providing potassium. In a similar way, muscle po- 
tassium restoration is retarded during dietary potassium administration 
unless chloride is also provided. The changes of the plasma and muscle 
electrolyte compositions encountered in rats rendered potassium-deficient 
seem to depend upon an altered renal excretion. A study of the renal 
excretion of bicarbonate, chloride, sodium, and potassium in potassium- 
deficient animals is now in progress. 


SUMMARY 


A study was made of the successive changes in the electrolyte and water 
content of the plasma and skeletal muscle of rats undergoing potassium 
depletion and of rats previously rendered potassium-deficient by feeding a 
low potassium diet upon realimentation with potassium. The various 
findings may be briefly summarized as follows. 

1. During the course of potassium deficiency there were a progressive 
decrease of the chloride concentration in plasma and an almost equivalent 
increase of the bicarbonate content in plasma. Simultaneously, there 
were a loss of muscle potassium and a gain of muscle sodium. 

2. The above changes were reversed when the animals previously ren- 
dered potassium-deficient were placed on a diet containing potassium and 
normal amounts of sodium and chloride, the initial changes toward normal 
plasma and muscle electrolyte composition being more rapid with a high 
than with a normal potassium diet. 

3. When potassium deficiency was induced by dietary means, there was 
found to be an initial rapid loss of muscle potassium which was quanti- 
tatively greater than the gain of sodium. This was followed by a slower 
loss of muscle potassium which tended to be balanced by an equivalent 
gain of sodium. 

4. After allowing potassium-deficient rats to resume the control diet, 
there followed a rapid increase of muscle potassium which was quanti- 
tatively greater than the loss of sodium. By increasing the potassium 
content of the diet to twice that present in the control diet, the changes 
toward normal muscle potassium and sodium contents were more pro- 
nounced, but complete restoration of the muscle composition was not 
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en the | found even after the animals had consumed the diet for 3 days. The differ- 
ences between these and the other results of the present study and those 
keletal | found by Conway and Hingerty (4) were pointed out. 

idence | 5. The total sodium plus potassium content of the intracellular phase 
ussium | of muscle was lowered in potassium-deficient animals and tended to be 
e con- | elevated with potassium restoration. Relative to the control muscle, an 
ssium- | expansion of the extracellular phase (Ff) and an equivalent contraction 
loride | of the intracellular phase (C) of muscle occurred in the early periods of 
le po- | dietary potassium lack. On the whole, the partition of muscle water was 
ration | not found to be seriously disturbed and could not be closely related to 
nuscle | the intracellular content of sodium and potassium. 
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METABOLIC TURNOVER OF FLUORIDE BY THE SKELETON 
OF THE RAT* 


By W. B. SAVCHUCKt anv W. D. ARMSTRONG 


(From the Department of Physiological Chemistry, University of Minnesota, 
Minneapolis, Minnesota) 


(Received for publication, June 25, 1951) 


The turnover of skeletal fluoride, a process which involves the acquisi- 
tion and elimination of fluoride by bone, has not been completely studied. 
This topic is of current interest in relation to the programs of fluoridating 
communal water supplies as a means of partial control of dental caries 
in the human (1). 

Skeletal tissues have a marked affinity for fluoride and the bones are 
known to accumulate fluoride when the intake of the element is increased 
(2,3). Balance studies carried out with young human adults showed no 
significant retention of fluoride when the intake was 0.5 to 1.0 mg. (4) 
or 4.0 to 5.0 mg. (5) per day. Since the normal fluoride intake in regions 
of low fluoride-bearing waters can hardly exceed 1.5 mg. per day (4, 6), 
the results of the balance studies do not account for the observation that 
the fluoride content of the bones of the human increases progressively with 
age (2). 

The only published study contributing significantly to the question of 
the rate and degree of elimination of skeletal fluoride is that of Glock 
etal. (2). These workers used rats which had been fed a ration containing 
over 200 parts per million of fluoride for 32 and 40 weeks. After with- 
drawal of the high fluoride-containing ration the fluoride concentration 
(ie. per cent fluoride) in the fat-free long bones decreased markedly and 
progressively over a period of 14 weeks. Since Glock and coworkers re- 
corded the data of fluoride analyses of the bones in terms of concentration 
rather than as in the absolute amount of the element present in a given 
bone, it can be understood that their results were influenced by skeletal 
growth as well as by actual elimination of fluoride from the skeleton. 
That is, skeletal accretion would have the effect of diluting the fluoride 
present in the skeleton, with the result that a decrease of concentration 


* From a thesis presented by W. B. Savchuck to the Graduate School of the Uni- 
versity of Minnesota in partial fulfilment of the requirements for the degree of 
Doctor of Philosophy in Physiological Chemistry. This work was supported by 
grants from the Research Grants Division of the United States Public Health Ser- 
vice and from the Graduate School of the University of Minnesota. 

t Postdoctorate Fellow, National Institutes of Health, United States Public 
Health Service, and Postwar Fellow, Abbott Laboratories. 


575 


576 FLUORIDE METABOLISM 


of the element in growing bone does not describe accurately actual fluoride 
elimination. The authors do not provide data by which the magnitude 
of skeletal growth of their animals can be judged, but it is known that 
many bones of rats continue ‘to increase in mass and length until rela 
tively advanced ages (7). 

The present studies were prompted by the need to secure data as to 
the uptake and elimination of fluoride by the skeleton of rats in a manner 
such that skeletal accretion would not affect the quantitative significance 
of the results. To this end the absolute amounts of fluoride found in 
selected whole bones are reported. 

In order to demonstrate quantitatively significant turnover of skeletal 
fluoride in a relatively short time the animals were given drinking water 
containing 20 p.p.m. of fluoride. At this level of fluoride intake an altera- 
tion of the pigmentation of the incisor teeth occurs, but abnormal non- 
dental effects are absent (8). 

In the present studies young and mature animals were employed. In 
view of the long continued growth of the skeleton in the rat a somewhat 
arbitrary decision surrounds the question of maturity in this animal. Arn- 
strong (9) noted by the use of radiographic methods that the rate of 
growth of the humeri of rats of the strain used in this study was greatly 
reduced by the time the animals were 132 days old, corresponding to 4 
body weight of 300 gm. Accordingly this body weight was taken as the 
criterion of relative maturity for the purposes of the present study. 


EXPERIMENTAL 


The essential plan of these experiments was to sacrifice animals at inter- 
vals of time during (a) a regimen of increased fluoride intake and ()) 
after withdrawal of the fluoride supplement. Data in each instance were 
initially limited to a 60 day fluoride regimen, followed immediately by an 
equal post-fluoride period. However, the low degree of defluoridation of 
the bones after withdrawal of the fluoride supplement indicated the need 
for observations over a more prolonged post-fluoride period. Accordingly, 
the study involved the use of 232 male rats of the Sprague-Dawley strain 
divided into three groups, as follows: 

Colony A—Weanling rats, 60 experimental and twenty control animals; 
initial age 27 days; initial weight 64 + 4.5 (s.d.) gm.; animals sacrificed 
after 20, 40, and 60 days of fluoride regimen and at the same intervals of 
time after withdrawal of the fluoride supplement. 

Colony B—Weanling rats, thirty-eight experimental and eighteen con- 
trol animals; initial age 27 days; initial weight 63 + 6.4 (s.d.) gm.; animals 
60 days on fluoride regimen, sacrificed at 1, 90, 120, and 150 days after 
withdrawal of fluoride supplement. 
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Colony C—Mature rats, fifty-nine experimental, twenty-seven controls, 
and ten animals sacrificed at day zero; initial age 92 days; initial weight 
328 + 15.9 (s.d.) gm.; animals sacrificed after 0, 20, 40, and 60 days of 
fluoride regimen and at 20, 40, and 60 days after withdrawal of the fluo- 
ride supplement. 

In order not to obscure the effects of the fluoride supplement, it was 
necessary to feed the animals a ration with the lowest possible fluoride 
content. All animals received ad libitum the semisynthetic ration de- 
scribed as Diet 1 by Estremera and Armstrong (10). The fluoride content 
of this ration was found not to be in excess of 0.6 p.p.m., the fluoride 
present in the Wesson (11) salt mixture’ accounting for about one-third 
of the total amount. The fluoride content of this ration is definitely 
lower than that of commercial animal food biscuits, which have been found 
to contain 16 p.p.m. (12) and 3.0 p.p.m. (13) of fluoride. Each animal 
was given twice weekly 2 drops of an improvised concentrate of the fat- 
soluble vitamins. The average daily intake of the fat-soluble vitamins 
was 0.1 mg. of vitamin E, 0.05 mg. of vitamin K, 870 i.u. of vitamin A, 
and 165 i.u. of vitamin D. 

The young rats of Colonies A and B were started on the experimental 
regimen immediately on receipt from the dealer. The mature animals 
in Colony C were fed the low fluoride-containing diet over a 3 week pre- 
experimental period. The fluoride supplement was introduced into the 
regimen when the body weight of the lightest animal in this group was 
300 gm., at which time the animals were 92 days old. The rats were 
randomized within each colony so as to give three to five control and ten 
experimental animals for each of the subperiods. 

The fluoride supplement given the animals of the experimental groups 
during the 60 day fluoride regimen was supplied in the drinking water, 
which was prepared by adding sodium fluoride to distilled water to give 
a fluoride concentration of 20 p.p.m. The drinking water was supplied 
ad libitum and the volume of apparent fluid intake of each experimental 
animal was recorded by use of graduated containers attached to the drink- 
ing fountains. It is recognized that the fluoride consumption of the rats 
calculated from the data of the intake of the fluoridated water represent 
maximum values, since spillage and evaporation of the fluid, while con- 
trolled in so far as possible, could not be prevented entirely. The animals 
on the fluoride regimen were given distilled water for 1 day before being 
sacrificed in order to clear the mouth of fluoride and to reduce the fluoride 
content of the body fluids. Distilled water was supplied to the control 
animals during the entire period of the study and to the animals of the 
experimental groups during the post-fluoride regimen. 


'The sodium fluoride specified in the Wesson salt mixture was omitted. 
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An attempt was made in the post-fluoride period to select animals for 
each experimental sublot with equal apparent fluoride intakes and so that 
the mean body weight of the animals constituting the sublot would approxi- 
mate that of the.entire experimental group at the time the animals of the 
sublot were sacrificed. 

After sacrifice the right humerus and the incisor teeth of each animal 
were removed, cleaned, and rendered fat-free by extraction in a Soxhlet 
apparatus for 72 hours with an equal part mixture of ether and alcohol. 
The bones of the entire skeletons of four selected animals were isolated 
by the use of the same procedures. The specimens were then dried at 
110° and weighed to give the dry, fat-free weights. In some cases the 
enamel and dentin of the pooled incisor teeth were separated by the method 
of Manley and Hodge (14). All specimens were ashed at 650° to constant 
weight. The fluoride content of the samples was determined by the use 
of methods previously described (15). The fluoride in each sample was 
distilled twice to avoid interference caused by phosphate, and the original 
distillates were concentrated in platinum ware. Specimens from the same 
group were pooled previous to analysis when a low fluoride content was 
anticipated, as in the case of the enamel of the teeth and with some of the 
humeri of the control animals. 


DISCUSSION 


No retardation in rate of growth attributable to fluoride was manifested 
by comparing the curves of body weights, determined weekly, of the con- 
trol and experimental animals. The absence of deleterious effects pro- 
duced by the fluoride supplement on skeletal growth (8) was corroborated 
by the data of ash weight of the humeri, as shown in Fig. 1. These data 
emphasize that the accumulation of mineral matter in the humeri of both 
control and experimental animals was progressive, attesting the long con- 
tinued skeletal growth in the rat. 

Owing to the misleading nature of results expressed in terms of per cent 
fluoride in bones of changing mass, the analytical results are reported as 
the absolute amount (micrograms per bone) of fluoride in the humenr. 
The mean of these results obtained with the experimental and the control 
animals sacrificed at each of the subperiods is shown graphically in Figs. 
2 and 3. A high initial fluoride uptake was shown by the humeri of both 
weanling and mature animals. The rate of increment of skeletal fluoride 
during the 60 day fluoride regimen diminished with continued fluoride 
ingestion in a manner such that straight lines with negative slopes were 
obtained when the logarithms of the fraction of ingested fluoride present 
in the humeri were plotted against time. 

Calculations based on the assumption that one humerus contains 2.3 per 
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cent of the total fluoride present in the edentulous skeleton (Table II) 
showed that the skeletons of the young animals stored about 53 per cent 
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Fic. 1. Mean weights of ashed right humeri of albino rats given drinking water 
containing 20 p.p.m. of fluoride for 60 days, compared with those of control animals. 
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Fic. 2. Fluoride uptake and elimination by the right humeri of young and matur- 
ing rats. The numbers at each of the plotted points indicate the mean apparent 
fluoride intake by the animals in mg. during the fluoride regimen. 


of the apparent fluoride intake during the first 20 days of the fluoride regi- 
men. The retention decreased to about 43 per cent of the total fluoride 
intake by the 60th day. The mature animals retained 36 per cent of the 
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apparent fluoride intake on a 20 day fluoride regimen and by 60 days on 
this regimen the retention had dropped to 29 per cent of the ingested 
fluoride. 

The mean fluoride contents of the humeri of the control animals are 
also shown in Figs. 2 and 3. The sole source of fluoride available to these 
animals was the small quantity present in the ration. Nevertheless, it 
appears that the skeletal fluoride of the young control animals was aug- 
mented during the period of 120 days (Colony A) and 210 days (Colony B) 
over which they received the low fluoride-containing ration. However, 
the fluoride content of the humeri of the mature control animals (Colony 
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Fic. 3. Fluoride uptake and elimination by the right humeri of mature rats. The 
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by the animals in mg. during the fluoride regimen 


C) was not significantly altered over a period of 120 days, during which 
the animals received the low fluoride-containing ration. The relatively 
high initial fluoride content of the humeri of the mature control animals 
was undoubtedly due to these animals having received, while in the dealer’s 
colony, a diet with a higher fluoride content than that used in the present 
study. 

During the post-fluoride period only a relatively minor degree of elimi- 
nation of stored fluoride occurred over a 60 day period in both young and 
mature animals (Colonies A and C). The decrements of stored fluoride 
were of the order of 10 to 15 per cent of the total skeletal fluoride and were 
accomplished in the 40 day period immediately after the withdrawal of 
the fluoride supplement. The results obtained with Colony B (Fig. 2), 
which was followed over a 150 day post-fluoride period, confirm the con- 
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clusion that a large proportion of the skeletal fluoride was firmly fixed and 


not available for excretion in significant amount. These observations sug- 
gest that after fluoride enters the skeleton a part is rapidly turned over 
and excreted, but that the largest amount is eventually deposited in lo- 
cations in the bones from which its mobilization and excretion are much 
retarded. A similar situation has been demonstrated with regard to 
skeletal fixation and turnover of radioactive calcium (16). The time re- 
quired for the elimination of the radiocalcium in the labile skeletal fraction 
and the amount of the injected dose of the radioisotope becoming incor- 
porated in the stable bone fractions were comparable to those which were 
found with fluoride in this study. 


TABLE I 
Per Cent Fluoride of Rat Incisors 
All percentages are on a dry, fat-free basis. 
| Experimental groups — 
Colony Subperiod groups 
Ghetl | | 
B 60 days on F-, lday off 0.070 0.074 0.033 0.00096 
60 QOdays “ 0.0025 0.00093 
C Oday “ “ 0.011 0.012 0.011 0.011 
20 days “ “ Iday off | 0.040 0.046 | 0.013 0.0051 
0.050 0.057 0.015 0.0037 
« «© | 9.057 | 0.056 0.023 | 0.0029 
“ 2days “ | 0.030 0.034 0.014 0.0021 
0.018 0.018 0.013 0.0019 
* 0.008 | 0.005 0.0018 


Rat incisor teeth grow throughout life and present a kymographic record 
of the chemical and histologic alterations produced in the teeth during the 
preceding 40 to 50 days (17). The mean results of the analyses of these 
teeth (Table I) of the experimental animals of Colony B show that they 
maintained to the end of the 150 day post-fluoride period a much higher 
fluoride content than that of the teeth of the control animals. During 
the 150 day post-fluoride period the animals in Colony B ingested only the 
small amount of fluoride present in the diet. Thus it appears that the 
major source from which the fluoride content of the teeth was maintained 
at higher than normal values was the fluoride of the skeleton. These 
results suggest that an intraskeletal turnover of small amounts of fluoride 
via the blood continues after fluoride excretion becomes very low in the 
late post-fluoride period. This circumstance would allow the continuously 
forming incisor teeth to be calcified from a medium with a fluoride content 


sted 

are 

hese 
3s, it 

aug- 

y B) 

ver, 
lony 

The 
itake 

‘hich 
| vely 

mals 
iler’s 

limi- 

and 

ride 

were 

| of 

. 2), 

con- 


582 FLUORIDE METABOLISM 


higher than normal. The analyses of the enamel and dentin fractions of 
the incisor teeth of the animals in Colony C (Table I) showed that the den- 
tin, during the fluoride regimen, was able to acquire more fluoride than the 
enamel. Also, when the fluoride supplement was withdrawn, the fluoride 
content decreased at a greater rate in the dentin. 

In these studies of fluoride metabolism the humerus was selected for 
analysis on the assumption that the turnover of fluoride in this bone would 
be representative of that in the skeleton as a whole. In order to test the 
reliability of this assumption the bones of the entire skeleton of four rats 
of different ages and conditions of exposure to fluoride were examined. 
It was also desired to obtain information as to whether there exist in the 
rat different degrees of allocation of fluoride among the bone types, as has 
been claimed to be the situation in human cases of chronic fluoride in- 
toxication (18). 

Table II describes the four animals, gives their histories of fluoride in- 
gestion, and shows the percentages of total skeletal fluoride and of total 
skeletal ash present in each of the skeletal components. Despite differences 
in age and in conditions of fluoride intake among the animals, a reliable 
degree of consistency of the proportion of skeletal fluoride present in one 
humerus was found. The mean value was 2.3 per cent, with a standard 
deviation of 0.12. The femurs also exhibited a moderate variation in the 
amount of skeletal fluoride present in these bones (range 8.8 to 10.1 per 
cent). The vertebrae (range 27.5 to 35.0 per cent), the thoracic skeleton’ 
(range 6.9 to 8.2 per cent), and the bones of the paws (range 6.9 to 11.0 
per cent), however, showed much larger variations in their fractions of 
total skeletal fluoride. 

As shown in Table II, there was a high degree of correlation between 
the percentages of total skeletal fluoride and ash in the skeletal compo- 
nents. These results indicate that the chief factor determining the depo- 
sition of fluoride in a bone is the mineral salt and that there are not large 
differences between bones in the availability of the mineral salts for fluoride 
incorporation. The situations in which the largest discrepancies between 
the proportions of skeletal fluoride and ash occurred, 7.e. vertebrae, skull, 
paws, and thoracic skeleton, are probably related to differential rates of 
growth and calcification between these and the other skeletal components. 
While even a non-growing bone acquires appreciable quantities of fluoride, 
probably by exchange for hydroxyl or bicarbonate ions of the apatite 
crystals of the mineral phase (19), a growing bone would be expected to 
fix fluoride also by precipitation as the bone salt is formed. Also dispro- 
portionately large growth of a bone after the fluoride intake of the animal 
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*-Correlation coefficient = 0.99. 
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is reduced would cause a dilution of its fluoride content and produce the 
result of a relatively greater fraction of the total skeletal ash than of total 
skeletal fluoride in the bone. The last column in Table II shows the ratios 
of the ash weights of the skeletal components of Rat D to those of Rat A. 
TaB.e II 
Distribution of Fluoride and Ash in Components of Edentulous Skeletons of Rats 
The values in the columns under ‘‘Fluoride”’ and ‘‘Ash’”’ refer to the fraction of 
total skeletal fluoride and ash (in per cent) found in each of the skeletal components. 
Rat A RatB | RatC RatD 
| | |__| Bae 
57 92 113 207 weight 
Body weight, 304 412 500 
3.49, 5.37 6.63, 9.89 8.58, 12.72 9.64, 14.01 | Com 
67.0 67.5 68.8 of Rat 
Total F of skeleton, mg....... 5.23 2.81 8.07 12.02 D to 
of Rat 
| Ash | Ash | | Ash | Rigg | Ash 
Right humerus........ 2.2; 2.3; 2.4; 2.1} 2.3) 2.4; 2.6 
2.6; 2.6) 2.6) 2.6] 2.7; 2.0; 2.6); 2.9 
Radii and ulnae....... 3.6: 3.8; 3.4) 3.3) 3.4; 3.9) 3.2); 2.3 
Ossa coxae............ 7.6) 7.8! 8.1) 7.8; 8.0; 7.8; 2.9 
Ribs, sternum, and 
clavicles............ 8.2; 7.6; 7.2} 6.7) 6.9) 7.2) 2.6 
Tibiae and fibulae..... 8.1; 7.9| 8.0; 7.9! 2.6 
96 93 96) 9.3) 88 9.3 9.3 2.8 
Carpi, tarsi, digits....| 9.9, 9.8 11.0 8.9  6.9| 7.9 10.7, 2.0 
Skull (edentulous). 18.0 | 20.1 | 14.6 17.7) 15.5 | 17.2 | 15.6 17.2) 2.4 
Vertebral column. .... 27.5 26.3 30.2 31.8 35.0 | 32.2 30.6 32.8 3.4 


Rat A, weaned at 20 days; fed low F diet and water containing 20 p.p.m. of F for 
37 days; F intake 10 mg.; no fluoride elimination period. Rat B, received from 
dealer at 71 days; given low F diet and distilled water for 21 days. Rat C, received 
from dealer at 71 days; given low F diet and water containing 20 p.p.m. of F for 20 
days; F intake 14 mg.; no fluoride elimination period. Rat D, weanling on low F 
diet and water containing 20 p.p.m. of F for 60 days; F intake 20 mg.; given low F 
diet and distilled water during last 120 days of life. 


These figures are indicative of the degree of accretion of mineral phase in 
the skeletal components during growth from a body weight of 200 gm. 
(Rat A) to 500 gm. (Rat D). On this basis the vertebral column exhibited 
the largest growth of the skeletal components. As shown in Table II, 
this part of the skeleton was found to have a large variation in its frac- 
tional content of the total skeletal fluoride and to exhibit the most varied 
relationship between fluoride and ash content. By the same line of reason- 
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ing a disproportionately small growth of a skeletal component during or 
after a period of fluoride intake would result in variations in the relation- 
ship between the fractions of total skeletal fluoride and skeletal ash among 
animals with different histories of fluoride intake. This circumstance is 
exemplified in the case of the pooled carpi, tarsi, and digits. 


SUMMARY 


Analyses were carried out for fluoride in the humeri and incisor teeth of 
young and mature rats sacrificed at intervals during (a) a 60 day regimen 
in which the animals received drinking water containing 20 p.p.m. of 
fluoride, and (b) after withdrawal of the fluoride supplement. The ana- 
tomical components of the entire skeletons of four rats of widely different 
age and history of fluoride intake were examined for fluoride and for ash 
content. The results permit the following conclusions. 

1. The uptake and elimination of fluoride by the skeleton of rats is not 
accurately shown by fluoride analyses recorded in terms of fluoride con- 
centration (i.e. per cent fluoride in the dry, fat-free or ashed bones) be- 
cause of the long continued growth of the skeleton in this species.‘ The 
correct situation as regards turnover of skeletal fluoride is depicted by 
records of the absolute amount of fluoride in a bone or in the skeleton as 
a whole. : 

2. During a 60 day regimen of increased fluoride intake the accumulation 
of fluoride in the humeri was progressive, but with decreasing increments 
with time in both young and mature animals. The young rats retained 
larger amounts of the ingested fluoride in the skeleton than the mature 
animals (43 versus 29 per cent). 

3. In colonies of both young and mature rats withdrawal of the fluoride 
supplement resulted in the elimination of approximately 10 to 15 per cent 
of the skeletal fluoride in a period of 40 days. The remainder of the skele- 
tal fluoride was so firmly fixed as not to be appreciably excreted during 
an additional 20 days (young and mature animals) or 110 days (young 
animals). 

4. The fluoride content of the incisor teeth was found to be significantly 
higher in the experimental group 150 days after terminating the fluoride 
regimen than in the control group. This result is interpreted as indicating 
an intraskeletal turnover of small amounts of fluoride after fluoride elimi- 
nation from the skeleton was no longer detectable. 

5. A single humerus of rats of widely different age and history of fluoride 


‘ Presumably the same circumstance would apply to the fluoride content of bones 
of other species in situations of increasing skeletal mass. In the rat, skeletal growth 
would affect the interpretation of skeletal turnover of other substances whose skele- 
tal contents are recorded in terms relative to the amount of bone. 
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ingestion was found to contain, with a high degree of consistency, 2.3 per 
cent of the total skeletal fluoride. This finding recommends the humerus 
as a representative bone in studies of fluoride turnover and permits the 
estimation of the total amount of fluoride in the skeleton without the labor 
of preparing the entire skeleton. 

6. A high degree of correlation was found between the fractions of total 
skeletal ash in several skeletal components. This finding indicates that 
the principal factor determining deposition and fixation of fluoride in a 
bone is its mineral content. 
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PURIFICATION OF BOUND FORMS OF BIOTIN* 
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Biotin occurs in biological materials in both the free and the bound 
state. In certain materials such as milk and vegetables it is present 
largely as free biotin, while in other substances, e.g. meat products and 
yeast, it occurs chiefly in the bound form. Free biotin stimulates the 
growth of microorganisms and animals, but attempts to link it with 
specific metabolic reactions have been generally unsuccessful. For ex- 
ample, it does not restore citrulline synthesis by biotin-deficient rat liver 
(1), is ineffective in reversing lowered respiration and pyruvate utilization 
of deficient cardiac muscle (2), and fails to activate the malic enzyme of 
biotin-deficient Lactobacillus arabinosus cells (3). In CO-fixation by de- 
ficient cells response to free biotin is slow, and this probably means that 
the added biotin must first be incorporated into some bound form before 
it can function. Aged cells of Proteus vulgaris are poor in deaminase 
activity and respond to much smaller quantities of bound biotin than to 
the free compound (4). These results have generally been interpreted as 
indicating that biotin functions as a coenzyme, but information as to the 
nature of such a coenzyme is exceedingly vague. 

Attempts to obtain purified forms of bound biotin have been made by a 
number of investigators (5-7). The most successful of these is the iso- 
lation of a crystalline complex of biotin named biocytin (7). However, 
no information is available as to the nature of the compounds, presumably 
amino acids, that are linked to the biotin to form the complex. Likewise 
biocytin has not been found to function as a coenzyme in enzyme systems 
nor to restore the activity of biotin-deficient cells (8). It is improbable 
that biocytin is the only bound form of biotin occurring in nature and we 
may reasonably look for other bound forms of the vitamin. 

Since most of the biotin in liver is present in an insoluble form, pre- . 
sumably in combination with amino acids, it is first necessary to render 
the proteinaceous material soluble before fractionation and separation of 


* Published with the approval of the Director of the Wisconsin Agricultural 
Experiment Station. This work was supported in part by the Research Committee 
of the Graduate School from funds supplied by the Wisconsin Alumni Research 
Foundation and by a grant from the Red Star Yeast and Products Company, 
Milwaukee. 

‘1 Lardy, H. A., personal communication. 
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the biotin-carrying components can be attempted. Acid or alkaline hy- 
drolysis will break up the protein into soluble peptides, but the number of 
fractions containing biotin then becomes so great that it is impossible to 
separate them. Crystalline pepsin produces fewer biotin peptides than 
acid hydrolysis, as was shown by Bowden and Peterson (5), and hence 
this agent was used in the present wark. Fractionation of the mixture of 
peptides is difficult because the properties of the biotin-free and _ biotin- 
containing peptides are much alike. Purification methods investigated 
included precipitation, adsorption, partition chromatography, and dis- 
placement chromatography. None of these proved very satisfactory in 
the initial stages of purification. Eventually it was found that avidin, 
because of its ability to combine with biotin and biotin complexes, served 
as a useful agent in the initial stages of purification. After this prelimi- 
nary purification chromatographic procedures were much more effective. 


EXPERIMENTAL 


Methods for Biotin Assay—The microorganisms L. arabinosus and Lacto- 
bacillus casei both use free biotin, and in addition L. casei uses some though 
not all bound forms of biotin (5). Biotin used by L. casei is called L. c. 
biotin in this paper. It is not certain that L. arabinosus uses only free 
biotin; therefore, biotin utilized by this organism is designated as L. a. 
biotin. Soluble biotin available to L. caset and unavailable to L. 
arabinosus is called “soluble bound biotin.” Soluble forms that are not 
utilized by L. caset, but become available after acid hydrolysis are called 
“unavailable biotin.” All forms of biotin encountered in this research, 
whether free or bound, are expressed in terms of pure d-biotin. The 
media and assay procedures used have been described by Chang and 
Peterson (9). Nitrogen was determined by the method of Johnson (10). 

Preparation of Soluble Bound Biotin from Liver—1\ kilo of fresh pork 
liver was cut into small pieces and boiled with 800 ml. of water in order 
to stop enzymatic reactions and to extract free biotin. After filtration, 
the residue was again extracted with 700 ml. of boiling water. The 
washed liver was suspended in | liter of water and disintegrated with a 
Waring blendor. The suspension was diluted to 10 liters and adjusted 
to pH 1.5 with H,PO, 1 gm. of crystalline pepsin was added and the 
suspension was incubated at 37° for 48 hours with occasional shaking. 
The pepsin digest was then boiled for 5 minutes, filtered, and washed 
twice with 500 ml. of water. The phosphoric acid was removed as barium 
phosphate by addition of barium hydroxide solution to pH 7. After 
filtration, excess barium was removed by adding H.SO, to pH! 5. The 
filtrate was concentrated in vacuo to 500 mi. and then washed three times 
with 300 ml. portions of ether to remove fatty material. A yield of 800 
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to 1000 y of soluble bound biotin was obtained. The distribution of biotin 
in the various fractions is given in Table I. Fraction 4a was of greatest 
interest, since it contained the largest amount of soluble bound biotin 
available to L. casei and hence was chosen for further purification. The 
ratio of nitrogen to biotin on a molar basis was 510,000 in the whole liver 
and 348,000 in the soluble portion of the pepsin hydrolysate. This ratio 
was used as an index of purification and decreased as non-biotin peptides 
were removed. 

About 25 per cent of the biotin set free by pepsin (Fraction 4b) was not 
available to L. casei until it had been hydrolyzed with 4 N H.SO,. The 
over-all recovery of biotin in the several fractions was 104 per cent. 


TaBLe 
Biotin Content of Liver Fractions 


Fraction® No. L. ¢. biotin L. a. biotin Nitrogen 


pergm. dry pergm. dry mg. per gm. dry 
matter matter matler 


1. Whole liver 3.3 3.3 97 
2. Water extract of liver 0.09 0.09 15.4 
3. Insoluble residue, by difference 3.21 3.21 eee) 
4. Pepsin hydrolysate of Fraction 3, soluble 3.13 3.13 62.1 
portion 

(a) Available : 2.3 0.02 

(b) Unavailable, by difference 0.83 3.11 
5. Pepsin hydrolysate of Fraction 3, insolu- 0.21 0.21 

* ble portion 

6. Total, Fractions 2, 4, and 5 3.43 3.43 


* Fractions 1, 4, and 5 were autoclaved with 4 x H.SO, at 120° for 2 hours before 
assaying. Fractions 2 and 4a were analyzed directly. 

Modification of Yeast Assay Plate Method—Since L. casei and L. arab- 
inosus assays require 72 hours for acid development or 30 hours for 
turbidimetric reading, a faster but less accurate method, based on that of 
Genghof et al. (11), was developed. Saccharomyces cerevisiae Y-30 and 
the medium of Hertz (12) were used for this purpose. A loopful of veast 
cells from a 24 hour agar slant was washed by centrifugation with 10 ml. 
of sterilized water and then resuspended in 10 ml. of sterile water. The 
turbid solution transmitted 61 per cent of the light passing through a 
water blank when read in an Evelyn photoelectric colorimeter equipped 
with a 600 may filter. The suspension of yeast cells was seeded into 300 
ml. of the sterile medium containing 2 per cent of agar at 45-48°. The 
inoculated medium was thoroughly mixed and poured onto a large ree- 
tangular glass plate (48 < 23 X 0.7 ¢m.) framed with aluminum sides to 
hold the agar and glass cover. This container had previously been steri- 
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lized twice by application and ignition of aleohol. The plate was carefully 
leveled and air bubbles on the surface of the agar were removed by flaming 
with a Bunsen burner. Blotter disks (6 mm. in diameter) for application 
of samples were cut from sheets with a paper punch. After sterilization 
each disk was picked up on a pin and the lower edge of the disk 
was brought in contact with the sample solution and removed just as the 
upper edge became wet by capillarity. This was followed by evaporation 
if the sample was contained in a non-aqueous solvent. In this case the 
head of the pin was thrust in a strip of Plasticene, and the disk was al- 
lowed to dry for about 20 minutes. The disks were then placed on the 
agar plate at suitable intervals. The amount of solution taken up by the 
disks was quite reproducible (16.8 to 17.8 ul. of water). If the sample 
contained biotin, growth surrounding the disk was obtained after incuba- 
tion at 30° for 8 to 12 hours. The diameters of the growth zones were 
measured and, when these were plotted against the logarithm of the bio- 
tin concentration, a straight line was obtained. The method is very easy 
to handle and remarkably free from contamination. Concentrations as 
low as 4 mygm. and as high as 4 7 of biotin per ml. can be assayed directly 
by this method, thus avoiding tedious dilutions. The assay results are 
not as accurate as those by L. caset. Doubling the biotin concentration 
increases the diameter of the growth zone only about 2 mm., but the 
method is sufficiently accurate to permit location of the active fractions 
from chromatogram effluents and to give a rough estimation of the amount 
of biotin present. 

In Table II data for four preparations are given: Sample 1, crude pepsin 
hydrolysate; Sample 2, hydrolysate after purification by avidin; Sample 3, 
the effluent from purification of hydrolysate by avidin and chromato- 
graphy; and Sample 4, the biotin complex remaining on the chromato- 
graphic column in the preparation of Sample 3. Samples 1, 3, and 4 all 
contained less than 1 per cent of free biotin and gave zones of identical 
size. ‘This suggests that the molecular size of the biotin complex in these 
preparations is much the same. Sample 2 was purified only by avidin 
and contained about 10 per cent of free biotin and, therefore, gave a zone 
of larger diameter than the other preparations. Biocytin produced a zone 
nearly equal to that of pure biotin, indicating that it diffuses as readily as 
biotin. 

Purification of Soluble Bound Biotin by Various Methods -Several pre- 
cipitants were tried for purification of the bound biotin, but the results 
were not promising and the recovery was low. Acetone precipitation left 
a supernatant with a nitrogen to biotin ratio very little reduced as com- 
pared with the original material, Ethanol gave an inappreciable precipi- 
tate. Basie lewd acetate precipitated 10 per cent of the biotin and 15 per 
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cent of the nitrogen. Phosphotungstic acid precipitated most of the biotin 
and also the nitrogen. 

The adsorbents, aluminum oxide, Super Filtrol, and Norit 211 were 
tested as a means of purification. The first two gave very poor adsorp- 
tion. Norit adsorbed the soluble bound biotin so strongly that it could 
not be readily eluted. Water-pyridine-methanol (8:3:2) eluted 65 per 
cent of the adsorbed biotin but removed most of the nitrogen as well. 

Partition chromatography with a mixture of butanol, chloroform, and 
water (9:1:2) at pH 1.5 gave a 4-fold purification in the best fractions, 
but the recovery was only 40 per cent. A second chromatogram of these 


TaBLeE II 
Comparison of Forms of Biotin by Yeast Agar Plate Method 


Soluble bound biotin from liver preparations® 
Biotin (L.c.) | Pure biotin® | _ Biocytin® 
Sample1 | Sample2 | Sample3 | Sample 4 

7 per mi. | 
0.006 16.0 13.0 13.0 13.0 = 13.0 15.5 
16.0 13.0 13.0 13.0 | 18.0 | 16.0 
0.025 19.0 7.0 17.0 17.0 17.0 19.0 
19.5 17.0 17.0 17.0 17.0 19.0 
0.1 23.0 20.5 21.0 20.5 20.5 22.0 
23.5 20.5 21.0 20.5 20.5 22.5 
sc | #2 233.5 24.0 23.5 23.5 25.5 
| 27.0 23.5 | 24.0 23.5 23.5 25.5 


— 


* The figures are zone diametersin mm. Pure biotin was determined by weighing; 
the other forms were calculated from the L. casei assay. Sample 1, crude pepsin hy- 
drolysate; Sample 2, hydrolysate after purification by avidin; Sample 3, hydroly- 
sate purified by avidin and chromatography, eluant fraction; Sample 4, same as 
Sample 3, but fraction remaining on the column. 


fractions with BuOH-CHC};-H,0 in the ratio 7:3:2 raised the purification 
to 6-fold, but the over-all recovery was only 28 per cent. In spite of the 
low recovery, this procedure had some possibilities, but it was discon- 
tinued when it was found that much greater purification could be obtained 
by means of avidin. 

Purification of Soluble Bound Biotin by Combination with Avidin—Since 
avidin combines with biotin and its analogues, it appeared possible that 
avidin would prove useful in the purification procedure. To test the 
affinity of avidin for soluble bound biotin, filter-sterilized avidin was added 
to assay tubes containing both free and soluble bound biotin. When 
inoculated with L. casei, no growth was obtained, showing that both the 
free and the bound biotin had combined with the avidin. 

When the pepsin hydrolysate was treated with avidin and tested for 
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adsorbability, it was found that the avidin-biotin complex was retained on 
Celite 535, whereas most of the nitrogenous impurities passed through or 
could be washed off the adsorbent. The biotin could be released from the 
Celite by boiling with water. Tests were made to determine the quan- 
tities of avidin and of Celite that were required for good results. These 
tests showed that | mg. of avidin was required to combine with 2 ¥ of 
soluble bound biotin and 4 gm. of Celite were needed to adsorb this quan- 
tity of avidin-biotin complex. Soluble bound biotin prepared in this way 
contained some free biotin which had been released from avidin by the heat 
treatment. This could be easily removed by chromatography or extrac- 
tion in the Craig apparatus. Therefore avidin did not cause any serious 
disadvantage in the purification. 

A comparatively large amount of soluble bound biotin was purified as 
follows: 34 ml. of pepsin hydrolysate (88 y of biotin) at pH 4.8 were mixed 
with 50 mg. of avidin dissolved in 100 ml. of water at pH 10.5 and allowed 
to stand for 30 minutes. Then 500 ml. of water and 200 gm. of Celite 
were added and everything thoroughly mixed. The Celite was washed 
with five 1.5 liter portions of buffer (2 ml. of 85 per cent H,PO, per liter 
of water, adjusted to pH 3 with NH,OH). The well washed Celite was 
suspended in 1.5 liters of distilled water, adjusted to pH 3 with H,;PO, 
and steamed for 45 minutes. The Celite was removed by filtration and 
then washed twice with 1 liter portions of water at pH 3. The filtrate 
and washings were combined and concentrated to 200 ml. in vacuo. The 
concentrate was adjusted to pH 9 with Ba(OH), to remove phosphate 
and filtered. The filtrate was evaporated in vacuo to remove ammonia, 
which if left in made the subsequent nitrogen determinations of no value. 
After all of the ammonia had been removed, the solution was adjusted to 
pH 4 with H,SO, The resulting BaSO, precipitate was filtered and 
washed and the filtrate and washings were concentrated to 8 ml. 

In the early experiments some difficulty was encountered in washing the 
Celite because part of the avidin-biotin complex was removed in a colloidal 
state. This was remedied by using a 0.03 m phosphate buffer at pH 3 
for washing purposes. Several runs were made, and the reproducibility 
of the procedure is evident from Table III. The higher degree of purifi- 
cation in some experiments was due to better washing with dilute buffered 
solution. This removed nearly all of the nitrogenous materials except 
the avidin-biotin complex. The nitrogen to biotin ratio of the best prep- 
aration was 170 and the recovery was 82 per cent. This represents a 
3000-fold concentration over that in the original liver. 

Chromatography of Avidin-Purified Material ‘To test the homogeneity 
of the purified soluble bound biotin, it was subjected to partition chro- 
matography. The sample was prepared as follows: 14 ml. of avidin- 
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purified material (90 7 of L. c. biotin, 14 y of L. a. biotin) were adjusted 
to pH 6.8. The solution was then mixed with about 2 volumes of butanol 
and the mixture vacuum-distilled until nearly all of the water had been 
evaporated. Inorganic salts precipitated at this point. The butanol 
layer was removed and the water-salts residue was dissolved in water and 
again extracted with butanol. The extraction was repeated a third time 
and the three extracts were combined to make a total volume of about 
12 ml. In transferring the biotin from the aqueous phase to the butanol 
phase about 35 per cent of the soluble bound biotin remained in the 
aqueous layer. The loss varied greatly and was difficult to control. A 
second undesirable feature was the fact that all of the L. a. biotin was 
extracted by the solvent. For large scale preparations a better method of 
extraction would be required. 


Taste III 
Reproducibility of Purification Procedure 


Materials used Biotin and nitrogen content of product 
Biotin insample  Avidin Celite (L. a.) Sable Recov ceovery o ‘SRB, molar 
+ gm. | 7 | per cent 
SSN wD 200 11.0 80 177 
176 100 400 12.6 | 66 174 
170 100 400 22.1 82 170 
170 | 100 400 13.2 74 320 


To the butanol extract 5 ml. of Skellysolve ( were added and 13 ml. of 
the sample (45.5 y of L. c. biotin, 11.0 y of L. a. biotin) were used for the 
chromatogram. The column was made with a slurry of 50 gm. of Celite 
suspended in a butanol-Skellysolve C (12:5) mixture which had been 
previously saturated with water. After packing, the retention volume 
was determined (139 ml.) and the column developed with the water-satu- 
rated solvent. Thirty-nine fractions of effluent (1 ml. each) were collected 
with the aid of an automatic fraction collector. After the forty-first frac- 
tion had been collected, the mobile phase was changed to water-saturated 
butanol and another twenty-eight fractions were collected. All the frac- 
tions were first assayed by the rapid yeast method in order to locate the 
active fractions. These fractions were then assayed by L. arabinosus and 
L. casei. The results of the chromatogram are shown on Fig. |. The 
curve has four peaks. The first peak (Fractions | to 6) contained 90 per 
cent of the total L. a. biotin. The second peak (Fractions 22 to 25) con- 
tained about 20 per cent of the total soluble bound biotin. The last two 
peaks were obtained from the butanol-water fractions and also yielded 
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about 20 per cent of the total bound biotin. From these data it is evident 
that there were at least three components and possibly more in the soluble 
bound biotin produced by pepsin hydrolysis. This is not surprising, since 
pepsin probably breaks the polypeptide chains in several places. The 
second peak is most interesting, since it seems to consist of a single com- 
ponent and since the nitrogen to biotin ratio was only 50 on a molar 
basis. However, this fraction must still be contaminated with peptides 
that do not contain biotin. The average chain length of the peptides in 
the pepsin hydrolysate was less than 5 amino acid residues; hence it is 
highly improbable that a single peptide, 50 units in length, would be left. 
A rough calculation would indicate that the biotin-containing peptide did 
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Fig. 1. Chromatogram of avidin-purified soluble bound biotin 


not make up more than 10 per cent of the mixture. An attempt was made 
to obtain some indication of the kind of amino acids associated with the 
biotin by assaying preparations in different stages of purification for a 
half dozen amino acids. The data, however, were too inconclusive to 
permit any deductions as to the make-up of the biotin peptide. While 
a 10,000-fold concentration of biotin containing peptides has been ac- 
complished, this was not enough to permit any conclusion as to the amino 
acids contained in the biotin complex. 


SUMMARY 


90 per cent of the insoluble biotin in liver was converted into a soluble 
form by pepsin hydrolysis. A yield of 800 to 1000 y of soluble bound 
biotin was obtained from 1 kilo of fresh hog liver. 

For the purification of soluble bound biotin many methods, including pre- 
cipitation, adsorption, partition chromatography, and displacement chro- 
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matography, were investigated with fair success. Much better results 
were obtained, however, by making use of avidin, which forms a complex 
with soluble bound biotin, as well as with free biotin. The avidin-biotin 
complex was adsorbed on Celite, which was washed thoroughly with buf- 
fered water to remove nitrogenous impurities. Soluble bound biotin was 
liberated from the avidin complex by boiling with water. A more than 
3000-fold purification was achieved by this procedure. 

The avidin-purified material was subjected to partition chromatography 
by means of the solvent system BuOH-Skellysolve C-H,O (7:3:2). The 
chromatogram indicated the presence of at least three components of sol- 
uble bound biotin. The purest of these components contained 50 atoms 
of nitrogen per mole of biotin. This concentration is about 10,000 times 
that found in the starting material, whole liver. 

The yeast plate method of Genghof ef al. was modified to permit the 
rapid assay of large numbers of biotin samples. This was used to deter- 
mine which fractions from the column chromatogram contained biotin. 
Only the active fractions were then assayed more accurately with Lacto- 
bacillus casei and Lactobacillus arabinosus. This method was also used to 
determine the location of biotin activity along paper chromatogram strips. 
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| Ochoa (1) in his study of the efficiency of oxidative phosphorylation by 
acat heart preparation observed maximal P:O ratios (micromoles of phos- 
phate esterified per microatom of oxygen uptake) approaching 3 when 
pyruvate was being oxidized to completion, presumably via the Krebs 
cycle. Since this investigation many attempts have been made to account 
for these statistical ratios in terms of individual oxidation steps. In a 
| later study on the oxidation of a-ketoglutarate in the presence of malonate 
to prevent further oxidation of succinate, P:O ratios of 1.7 were obtained 
by Ochoa (2). He concluded, however, that the actual ratio was probably 
3, since the enzyme preparation contained an active phosphatase which 
was only partially inhibited by fluoride. Hunter and Hixon (3), investi- 
gating the same reaction with washed liver particles as enzyme preparation, 
obtained ratios of 3 or higher. Cross et al. (4), using washed kidney 
particles, obtained mean P:O ratios varying between 2 and 2.5 for the 
oxidation of a-ketoglutarate, pyruvate, citrate, malate, and oxalacetate 
and ratios of 1 to 1.3 for succinate oxidation. In this study the individual 
oxidative steps were not isolated, but measurement of substrate disappear- 
ance and oxygen utilization indicated that the phosphorylation observed 
was very largely due to the substrate added. The demonstration of 
phosphorylation coupled to the oxidation of reduced diphosphopyridine 
nucleotide (DPN) in this laboratory (5) yielding observed P:O ratios 
greater than 2.0 indicates that the DPN-linked malic — oxalacetic oxida- 
tion likewise has a probable ratio of 3. 

The present investigation was concerned with the phosphorylation events 
accompanying the oxidation of pyruvate to a 2-carbon unit. Phosphoryla- 
tion accompanying this oxidative step of the Krebs cycle has never been 
studied in preparations of animal tissues in such a way that the further 
oxidative events of the cycle were excluded from participation. Recent 
work (6) indicates that this oxidative decarboxylation precedes condensa- 
tion with oxalacetate. In animal tissues the oxidative decarboxylation of 
pyruvic acid to acetic acid and CO; has been described in minced ox brain 
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(7), pigeon brain homogenate (8), and rat brain suspensions (9). In these 
studies the formation of acetate was small and the reaction was not iso- 
lated from other simultaneously occurring pathways of pyruvate utiliza- 
tion. Stumpf e¢ al. (10) obtained an extract from minced pigeon breast 
muscle which was able to oxidize pyruvic acid to acetate and CO, quan- 
titatively. This reaction required only cocarboxylase. In these extracts 
phosphate esterification during pyruvate oxidation did not occur. Several 
studies on pyruvate oxidation in animal tissues (1, 11, 12) have established 
the necessity for cocarboxylase, adenine nucleotides, DPN, inorganic phos- 
phate, and divalent metals in order to obtain optimal activity. In these 
studies also, pyruvate oxidation occurs concurrently with Krebs cycle ac- 
tivity, and the dissociation and definition of the properties of the reaction 
mediating the oxidative decarboxylation of pyruvate to acetate and CO, 
have not been possible. 

Lehninger (13) has described a reaction occurring in washed rat liver 
particles which is expressed by the equation 


(1) 2CH,COCOOH + CH;,COCH;COOH + 2CO: + H:0 


Since this reaction is probably mediated by the formation of a primary 
2-carbon intermediate at the oxidation level of acetate (14, 15), a further 
clarification of the properties of this system seemed desirable in helping 
to elucidate the over-all phosphorylation events accompanying the oxi- 
dative decarboxylation of pyruvate. Accordingly the phosphorylations 
accompanying this oxidation were studied, as was the effect of 2, 4-dinitro- 
phenol (DNP) on phosphorylation and acetoacetate formation. For com- 
parison parallel studies were conducted with a-ketoglutarate as substrate, 
since on thermodynamic grounds the maximal phosphorylative efficiency 
of the oxidative decarboxylation of this substrate might be expected to 
be approximately equal to that of the uncomplicated oxidative decarboxyla- 
tion of pyruvate. 


EXPERIMENTAL 
Material and Methods 


Commercial (Armour and Company) barium adenosinetriphosphate 
(ATP) was converted to the sodium salt before use. Sodium pyruvate 
was prepared according to Umbreit et al. (16). Commercial (Nutritional 
Biochemicals Corporation) a-ketoglutaric acid was recrystallized several 
times from a minimal volume of glacial acetic acid until a crystalline, 
colorless product, melting at 114-116°,! was obtained. This was freed of 
adhering acetic acid by exposure to a high vacuum over KOH pellets. 


1 We are grateful to Dr. Jean Sicé for this method of recrystallization, which has 
been found to be superior to any described in the literature. 
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Hexokinase was prepared according to the procedure of Berger et al. (17), 
but the isolation was carried only to the level of the second alcohol pre- 
cipitation. It was then taken up in 10 per cent fructose, distributed in 
small vials, and kept frozen at —15° until used. Acetoacetate was de- 
termined by a modification of the method of Greenberg and Lester previ- 
ously described (18). 

Several methods of isolation of rat liver mitochondria were studied in 
an effort to obtain preparations giving maximal rates of pyruvate oxidation 
(to acetoacetate) with minimal side reactions (such as oxidation via the 
Krebs cycle). The most consistent results were obtained with the follow- 
ing procedure, which represents a modification of the method described 
by Hogeboom, Schneider, and Pallade (19) for the isolation of rat liver 
mitochondria: 6 gm. of chilled rat liver were cut up into 36 ml. of cold 
8.5 per cent sucrose and homogenized in a glass homogenizer. The homoge- 
nate was strained through gauze and centrifuged in a refrigerated Inter- 
national centrifuge for 90 to 100 seconds at 2000 r.p.m. in order to sediment 
the nuclei and larger fragments. The supernatant fluid was then decanted 
into plastic cups and centrifuged at 20,000 X< g for 15 minutes, to sediment 
the mitochondria. The supernatant fluid was discarded, and the mito- 
chondria were again resuspended in 20 to 25 ml. of 8.5 per cent sucrose 
and centrifuged for 15 minutes at 20,000 X g. The supernatant fluid was 
decanted and: the mitochondrial pellet resuspended in 20 ml. 0.15 m KCl. 
The particles were sedimented at 4000 X< g for 5 minutes and the mito- 
chondria again washed in 20 ml. 0.15 m KCl. The final washed mito- 
chondrial sediment was suspended in 9 ml. of a solution containing 0.06 
m MgCl. and 0.005 m KCl and added directly to the reaction vessels. 
The total nitrogen content of the final suspension of mitochondria was 
between 1.0 and 1.5 mg. per ml. 


Results 


Considerable preliminary work was required to detine conditions in 
which pyruvate was completely oxidized to acetoacetate as revealed by 
the ratio of acetoacetate formed to oxygen and pyruvate used (see Equa- 
tion 1). The ratio of AcAc formed to O- utilized for the reaction is 1.00. 
If any part of the pyruvate oxidized enters the Krebs cycle via conden- 
sation with traces of oxalacetate furnished directly or enzymatically by 
the mitochondrial suspension, this ratio would become less than 1.00. 
Furthermore, it was desired to minimize endogenous respiration. These 
two goals were achieved by the thorough washing of the mitochondria as 
described above and also by the use of low concentrations of malonate, 
which further reduced the slight endogenous oxidative activity and the 
“leakage” of pyruvate into the cycle, probably by inhibiting the succin- 
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oxidase system. It was also necessary to achieve conditions in which 
maximal P:Q ratios for the oxidative phosphorylation could be realized. 
It was found that the P:O ratios of the pyruvate — AcAec reaction were 
maximal at somewhat higher concentrations of MgCl. (0.02 m) and some- 
what lower fluoride concentrations (0.01 mM) than have been found to be 
optimal for other oxidative phosphorylations. Cocarboxyvlase increased 
the oxidation rate and the P:O ratio significantly, and it was therefore 
added to the medium. The effects of added diphosphopyridine nucleo- 
tide (75 to 80 per cent purity) were equivocal, and it was therefore not 
added to the system. The components of the complete system, which 
were optimal for both oxidation and phosphorylation were as follows: 
final concentrations of malonate, 0.003 m; fluoride, 0.01 mM; cocarboxylase, 
1.4 XK 10-*m; ATP, 0.0026 m; glyeylglycine buffer, 0.01 m (pH 7.5); cyto- 
chrome c, 1.5 X 10-° m; hexokinase, 0.2 ml. (this amount transferred 25 
um of P from ATP to fructose in 10 minutes at 20°); phosphate, 0.005 
mM; KCI], 0.15 mM; and 0.7 ml. of enzyme in a total volume of 3 ml. 

P:O measurements were made by both the interval and extrapolation 
methods (cf. Cross et al. (4)). The P:O ratios with both methods agreed 
within a few per cent if the oxygen uptake for the 5 minute temperature 
equilibration period (extrapolation method) was computed as one-half the 
average oxygen uptake for the first 5 minute period after the taps were 
closed. Determinations of P:O ratios with pyruvate as substrate were 
compared in most experiments with concomitant measurements of the P:0 
ratio of a-ketoglutarate oxidation. Since the oxidative decarboxylation 
of both acids should be accompanied by approximately the same free 
energy release, it was of interest to compare the phosphate uptake of the 
pyruvate to acetoacetate reaction, which involves an endergonic conden- 
sation of two 2-carbon intermediates to form acetoacetate with the uncom- 
plicated oxidation of a-ketoglutarate to succinate. If part of the energy 
from pyruvate oxidation is being harnessed to condense the 2-carbon in- 
termediates to form acetoacetate, then the P:O ratios for this reaction 
might be expected to be less than that for a-ketoglutarate oxidation to 
succinate. Typical data obtained in such comparative experiments are 
shown in ‘Table I. As is apparent, the highest P:O ratios obtained for 
a-ketoglutarate oxidation were somewhat over 3, confirming Hunter and 
Hixon, whereas the highest ratios obtained with pyruvate oxidation were 
slightly over 2. This relationship was consistently observed in many ex- 
periments, ratios for the a-ketoglutarate system ranging from 2.5 to 3.25, 
and for pyruvate from 1.5 to 2.3. In such experiments the rate of a-keto- 
vlutarate oxidation was generally 14 to 2 times as great as the rate of 
pyruvate oxidation. 

‘The action of 2,4-dinitrophenol was then investigated. Since this com- 
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pound is known to uncouple phosphorylation from oxidation (4, 20-22), 
it was hoped its action on the pyruvate oxidation studied might give some 
indication as to the mechanism of utilization of a portion of the released 
oxidative energy in the formation of acetoacetate from the 2-carbon units 


TaBLe 
Oxidative Phosphorylation Coupled to a-Ketoglutarate and Pyruvate Oxidation 


The Warburg vessels contained final concentrations of 0.0026 mM adenosinetri- 
phosphate, 1.5 X m cytochrome c, 1.4 10-4 mM cocarboxylase, 0.01 glyeylgly- 
cine buffer at pH 7.5, either 0.01 mM pyruvate or a-ketoglutarate, 0.03 m KCI, 0.02 
u MgCly, 0.2 ml. of hexokinase in 10 per cent fructose, phosphate buffer, pH 7.5, 
at the concentrations indicated, 0.015 m or 0.03 m fluoride when pyruvate or a-keto- 
glutarate was used, respectively, and 0.7 ml. of enzyme in a total volume of 3 ml. 
Temperature, 30°; time, between 15 and 30 minutes in the separate experiments; 
gas phase, air. The O2: uptake values used in caleulating the Ac:O; ratios were 
net values after subtraction of endogenous uptake from total uptake. 


Experi- Time of Aceto- | 
min. uM uM | uM 
I O | None 0.0 — | 32.3 
@-Ketoglutarate | 0.0 | -18.8} 3.10 
0 | None 0.0 17.8 
25 ° 0.47 | 0.0 18.3) +0.5 0.0 
25 | Pyruvate 3.41 | 2.99 1.02 5.4, —12.4 1.82 
Il 0 | None 0.0 34.9 
15 | a-Ketoglutsrate | 2.93 , 0.0 20.8 | —14.1 2.42 
0 | None 0.0 18.4 
0.56 | 0.0 18.9 +0.5| 0.0 
30 | Pyruvate 2.30/)1.82 1.0 (|10.9 -7.5 
Ill | O | None 0.0 18.5 | | 
| 30 0.22 | 0.0 (20.2; +1.7 0.0 
30 | Pyruvate 2.41, 2.05; 0.93 | 9.3  -9.25 1.91 
IV | 0 | None | 
| | “18.7 «$1.9 0 
30 | Pyruvate (1.97/2.00; 1.0 | 8.1| -8.7! 2.19 
V0 | None | | | 
a@-Ketoglutarate 2.42 —15.9 3.25 
VI 0 None 27.6 
24. a-Ketoglutarate 5.25 12.9 —14.7 2.80 


presumed to be the primary oxidation product. The results of a typical 
experiment showing the effect of DNP are summarized in Table I]. DNP 
in concentrations of 1 X 10- Mm completely inhibits the uptake of inorganic 
phosphate coupled to pyruvate oxidation without diminishing the yield 
of acetoacetate from pyruvate oxidation. In Experiment I] the effeet of 
DNP on the oxidative phosphorylation accompanying a-ketoglutarate 
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utilization is determined. It is apparent that, although a large inhibition 
of phosphate esterification has occurred in the presence of DNP, a small 
but definite phosphate uptake has occurred, giving ratios of 0.37 and 0.26, 
In the data presented the DNP-resistant phosphorylation is small but is 
regarded as significant since it has occurred in many experiments. More 
detailed work on this question was abandoned when it was learned by pri- 
vate communication that this effect had been observed and studied ex- 
tensively by Hunter and Spector, the details of which have since been 
reported (23). In any event the incomplete uncoupling of phosphoryla- 


Taste II 
Effect of Dinitrophenol 
Experimental conditions as in Table I, with the addition of 2,4-dinitrophenol 
in a final concentration of 1 X 10~‘ m where indicated. 


Experi- Time of | Sas 
ment =| Substrate DNP | Oh, 
min. | uM pM uM uM 
I None - 
24  a-Ketoglutarate $2.90. |-14.3 2.48 
“ + | 2.65. (29.8 -1.4 0.26 
0 | None | | (17.8 
| = | 0.47) | 18.4 +0.8 0.0 
30 Pyruvate — 3.14 2.75 1.02 5.6 —12.2 1.95 
+ 3.81 3.25 0.98 19.3) 0.0 
| | None 27.8 | 
a-Ketoglutarate 2.33 (16.2 '-11.6 2.56 
| 2 | | + | 2.51) | (25.9 -1.9 0.37 
0 | None | - | | 18.5 | 
« | | (18.9 40.4 0.0 
Pyruvate — 1.72) 1.36 0.96 11.9 -6.6 1.93 
2.26 2.01 1.02 21.6 +3.1 0.0 


tion linked to a-ketoglutarate oxidation and the complete resistance of 
acetoacetate formation from pyruvate to DNP present a striking excep- 
tion to the general experience of several investigators (4, 20-22) that 
DNP in small concentrations completely uncouples a number of oxida- 
tive phosphorylation systems. 
DISCUSSION 

The highest P:O ratios observed in the oxidation of a-ketoglutarate 
to succinate were over 3.0 and in the oxidation of pyruvate to acetoacetate 
were over 2.0. Since it might be expected that the oxidation of pyruvate 


to acetate (not accompanied by acetoacetate formation) is theoretically 
accompanied by approximately as large a free energy decrease as the oxi- 
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‘ion | dation of a-ketoglutarate to succinate and since the condensation of 2 
nall | moles of acetate to acetoacetate is an endergonic reaction (AF = + 16,000), 
26. | according to Lipmann (24), it would appear that the formation of 1 mole 
tis | of acetoacetate from acetate is equivalent to a minimum of one ~P and 
‘ore | possibly two. If two ~P bonds, or the equivalent energy, are required 
pri- | to condense two 2-carbon units resulting from the oxidative decarboxyla- 
ex- | tion of 2 pyruvate molecules to form 1 acetoacetate molecule, then the 
een | net measurable phosphorylation accompanying the oxidation of pyruvate 
yla- | would be one less than that accompanying a-ketoglutarate oxidation. 
This would mean a difference in P:O ratio of 1, if dephosphorylation loss 
is neglected, and our data are in accord with such a supposition. This 
is also in harmony with the finding of Chou et al. (25) that 2 moles of 


nol 

. acetyl’ phosphate are necessary for enzymatic condensation to acetoace- 
~~ | tate, although this was obtained in a system with Clostridium kluyveri 
om | extracts and pigeon liver fractions. 


| The finding that there is DNP-resistant phosphorylation accompanying 
a-ketoglutarate oxidation and that the oxidative formation of acetoacetate 
from pyruvate is also DNP-resistant indicates that a common denominator | 
) exists in these oxidations. It is tempting to assume that this common 
| denominator is an interaction of the substrate with orthophosphate to 
produce an intermediate phosphorylated compound: in the case of a-keto- 
, glutarate this may be a succinyl phosphate derivative (succinyl phosphate 
itself is inactive (2)) and in the case of pyruvate this may be an acetyl 
phosphate derivative or its energetic equivalent, possibly an acetyl-coen- 
| zyme A complex (6). It is known that acetoacetate is both formed and 
degraded to phosphorylated forms of acetate (26, 27). This method of 
degradation has been demonstrated only in microorganisms, however (27). 

It would appear from these findings that if the energetic requirement of 
acetoacetate formation from 2 carbon units is taken into account the P:O 
~~ | ratio of the oxidation of pyruvate would be identical with that observed 
of | in the oxidation of a-ketoglutarate to succinate. 


>p- 
SUMMARY 
la- The oxidation of pyruvate to acetoacetate by rat liver mitochondria 


has been studied and P:O ratios of greater than 2 obtained. The phos- 
phorylation accompanying this reaction is completely abolished in the 
presence of DNP, whereas the yield of acetoacetate is not impaired. In 
ste | parallel studies on a-ketoglutarate oxidation P:O ratios greater than 3 
ite | were obtained. In the presence of DNP a small but definite phosphoryla- 
ite | tion remained. These results are discussed as indicating that equivalent 
lly | phosphorylations are possible from the oxidation of both keto acids and 
xi- | that a portion of the over-all phosphorylation, namely that linked to sub- 
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strate oxidation and not to electron transport, in each case is resistant to 


uncoupling with DNP. 
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THE AMINO ACID REQUIREMENTS OF MAN 


III. THE ROLE OF ISOLEUCINE: ADDITIONAL EVIDENCE 
CONCERNING HISTIDINE* 


By WILLIAM C. ROSE, WILLIAM J. HAINES,t anp DONALD T. WARNER} 


(From the Division of Biochemistry, Noyes Laboratory of Chemistry, University of 
Illinois, Urbana, Illinois) 


(Received for publication, July 23, 1951) 


Earlier papers of this series (1, 2) have demonstrated (a) that the ten 
amino acids previously found to be dispensable dietary components for 
the growing rat (3) and the adult dog (4) are also dispensable for man, 
(b) that valine, methionine, and threonine are essential constituents of the 
food of human subjects, and (c) that histidine, contrary to expectations, 
is not necessary for the maintenance of nitrogen balance, nor for the preser- 
vation of a sense of physical well being in adults. The absence of objective 
and subjective symptoms following the exclusion of histidine from the diet 
is in striking contrast to the sequelae observed after valine, methionine, 
or threonine deprivation. A deficiency of one of the latter amino acids 
is followed by a pronounced negative nitrogen balance, a marked failure 
in appetite, a sensation of extreme fatigue, and a distinct increase in ner- 
vous irritability. These symptoms manifest themselves even when the 
subjects are unaware that a dietary alteration has been made, and disap- 
pear when the missing amino acid is returned to the food. 

The present paper is a continuation of the previous studies, and is con- 
cerned primarily with the dietary significance of isoleucine. Incidental 
to the main objective, additional evidence is presented regarding the dis- 
pensability of histidine in the species in question. 

EXPERIMENTAL 


Elsewhere (1) are described the general procedures employed in the con- 
duct of the experiments, the methods used in analyzing the foods and ex- 
creta, and the techniques involved in the preparation of the amino acid 


* Aided by grants from the Nutrition Foundation, Inc., and the Graduate College 
Research Fund of the University of Illinois. 

t The experimental data in this paper are taken from a thesis submitted by Wil- 
liam J. Haines in partial fulfilment of the requirements for the degree of Doctor of 
Philosophy in Biochemistry in the Graduate College of the University of Illinois. 
Present address, Endocrinology Research, The Upjohn Company, Kalamazoo, 
Michigan. 

t Present address, Research Department, General Mills, Ine., Minneapolis, 
Minnesota. 
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solutions, the wafers, and the other components of the diets. The com- 
position of the wafers and the amino acid mixtures varied from one experi- 
ment to another, depending upon the purposes at hand and the caloric 
requirements of the subjects. All other conditions, including the make-up 
of the baking powder which served as a leavening agent for the wafers 
and the daily intakes of inorganic salts and vitamins (cf. (1), Tables I to 
III), were kept constant throughout the entire series of investigations. 

The composition and daily intake of the amino acid mixture (Mixture 
A-1) used in the studies herein described are shown in Table I. The ratio 
of its components is identical with that present in Mixture A, which was 
employed in the valine and methionine experiments (1). However, for 
reasons which are unrelated to the dietary réle of isoleucine, and therefore 
need not be discussed here, the intake of each amino acid was slightly 
higher than in the previous investigation, and furnished a total of 7.66 gm. 
of nitrogen daily instead of 6.70 gm. Furthermore, the isoleucine tests 
were initiated before the status of histidine had been established; conse- 
quently Mixture A-1 carried the latter amino acid. Four racemic acids 
were present in the mixture. Three of these, namely valine, isoleucine, 
and threonine, were doubled in amount over the desired levels on the sup- 
position that the p isomers might not be utilized by man. On the other 
hand, no such allowance was made in the case of pi-methionine. Since 
the two optical isomers of this amino acid are equally effective in the rat 
(5), the assumption was made tentatively that a like situation might exist 
in the human species. Of the 7.66 gm. of nitrogen in Mixture A-1, 1.37 
gm. were derived from the p forms of valine, isoleucine, and threonine. 
Thus, as has been the practice in all of our human experiments, the intake 
of nitrogen of known effectiveness was quite low. 

The subjects received a large part of their calories in the form of wafers. 
Table II records the composition and daily intake of Wafers II. The 
unidentified nitrogen present in the daily allotment amounted to 0.30 gm., 
and was derived almost entirely from the starch. Additional calories, as 
needed by the subjects, were supplied in the form of sucrose and purified 
butter fat (1). Generally, the sucrose was used as a flavoring agent for 
the amino acid solutions. The butter fat served as a spread for the wafers. 
Cellu flour, in appropriate amounts (cf. (1) pp. 545-546), was consumed 
’ by the subjects as a water suspension rather than as a component of the 
wafers. 

Two healthy young men, 25 and 24 years of age, served as the subjects 
of the isoleucine experiments. At the beginning of the tests, subject 
D. T. W. weighed 71.3 kilos and subject A. B. 71.8 kilos. The caloric 
requirements of D. T. W. were met by the daily ingestion of Wafers II, 
140 gm. of sucrose, and 95 gm. of butter fat. The diet of A. B. was identi- 
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cal, except that it contained only 80 gm. of butter fat over and above 
m- | that present in the wafers. The diets were consumed in three equal parts 
on each day. The total daily energy intakes of the two young men were 
‘up TaBLe I 
ers Composition of Amino Acid Mixture A-1 
to Daily intake 
Component 
ure Physioiosically Asused | content 
vas gm. gm. gm. 
tly Methionine......... 4.2100 4.21* 0.39 
nd | 2.12 | 32.123 0.29 
‘* monohydrochloride.................. | | 87 | 1.36 
ne, | 2.81 | 
Ip- monohydrochloride monohydrate. 3.80 0.76 
ce monohydrochloride | 4.21 1.12 
rat 42.08 57.49 7.66t 
37 * Racemic acids. 
ne. t Of the 7.66 gm. of nitrogen contributed by Mixture A-1, 1.37 gm. were derived 
ke from the p isomers of valine, isoleucine, and threonine. 
II 
rs. Composition and Daily Intake of Wafers II* 
he 
n., Component Daily intake a 
as on. 
rs. Butter fat and centrifuged) 67.00 620 
ed Corn oil. 5.00 47 
Baking powder (starch). . 7.60 10 
Sodium chloride................... 10.00 
‘ts | 
ct 485.31 2147 
“ : * The daily intake of Wafers II contained 0.30 gm. of unknown nitrogen. ees 
; t After correcting for moisture. 
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3810 and 3670 calories' respectively. In each subject, the total nitrogen 
intake was 8.08 gm. daily, and the unidentified nitrogen from all sources 
(wafers, extra butter fat, liver concentrate used as a supplementary source 
of vitamins, and lemon juice (1)) amounted to 0.42 gm. daily. 

The nitrogen balance data obtained in the two experiments are sum- 
marized graphically in Fig. 1. As will be observed, the fore period, dur- 
ing which the subjects ingested the complete diets, was 6 days in duration. 


N BAL ROLE OF ISOLEUCINE AND HISTIDINE 
= 
-ISOLEUCINE +ISOLEUCINE.-HISTIDINE 
"| D.T.W..7L3 KG. 
- 2) 8.08 GM.N, 3810 CAL. 
BAY 
+2 - ISOLEUCINE 
+1 + ISOLEUCINE-HISTIDINE 
-2| 808 GM.N, 3670 CAL. 
-3 


Fic. 1. The réle of isoleucine and histidine in the maintenance of nitrogen equi- 
librium in man, 


During that time, the nitrogen balance of D. T. W. manifested moderate 
fluctuations such as are encountered frequently in experiments of this 
nature, even when the rations contain proteins of superior quality in ade- 
quate amounts. His average daily balance for the period was +0.21 gm. 
Throughout the same period, A. B. experienced a fairly strong nitrogen 
retention, with an average daily balance of +0.90 gm. 

At the expiration of the 6th day, isoleucine was removed from the food 
and the other amino acids were increased sufficiently to maintain a con- 


' Attention has been called repeatedly (6, 1, 2) to the high calorie requirements of 
subjects receiving amino acid diets. Proof of this fact will be presented in a sub- | 


sequent paper. 
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stant total nitrogen intake. The effects were immediate and dramatic. 
On the next day the subjects showed balances of —0.93 and —1.26 gm., 
respectively, and their nutritive status became worse as the deficiency was 
prolonged. On the 4th day of isoleucine deprivation, the output of nitro- 
gen exceeded the intake by 3.79 and 3.90 gm. respectively. Both young 
men complained bitterly of a complete loss of appetite. Each experienced 
great difficulty in consuming his meals. Furthermore, the symptoms of 
nervousness, exhaustion, and dizziness, which are encountered to a greater 
or lesser extent whenever human subjects are deprived of an essential 
amino acid, were exaggerated to a degree not observed before or since in 
other types of dietary deficiencies. It became evident by the end of the 
4th day that the subjects were approaching the limit of their endurance, 
and that the missing amino acid must be returned to the food without 
further delay. 

This critical stage in the isoleucine tests was attained at a time when the 


authors were struggling with the problem of the dietary rdéle of histidine 
in man. Despite evidence accumulated in several carefully controlled 


experiments, pointing definitely to the conclusion that this amino acid is 
non-essential for purposes of nitrogen equilibrium, difficulty was experi- 
enced by us in accepting the findings at face value (cf. (2)). This skepti- 
cism arose from the fact that histidine is an indispensable component of 
the food of all other species of mammals thus far tested. The isoleucine 
experiments then under way appeared to afford appropriate conditions for 
obtaining additional information regarding the nutritive importance of 
histidine. If the latter, it was reasoned, plays a significant rdéle in nitrogen 
equilibrium, subjects experiencing the profound deficiency induced by the 
absence of isoleucine should not be expected to return to normal following 
the restoration of the missing amino acid, provided simultaneously histidine 
was withdrawn from the food. The status of D. T. W. and A. B. pre- 
sented an opportunity, which was seized, of putting this hypothesis to the 
test. At the end of the 4th day of isoleucine deprivation, the latter amino 
acid was returned to the diets and all histidine was removed. The total 
nitrogen content was maintained at a constant level by suitable adjust- 
ments in the quantities of the other amino acids. 

The effect of these alterations upon the nitrogen balance of the subjects 
is shown in Fig. 1, and is scarcely less remarkable than that induced by 
the exclusion of isoleucine. Immediately, the magnitude of the negative 
nitrogen balance diminished markedly. On the 3rd day, A. B. showed a 
slight positive balance, and this steadily increased in amount during suc- 
ceeding days. D. T. W. attained a state of positive balance on the 4th 


| day, and reached higher levels of retention during the next 2 days. Fur- 


thermore, all subjective symptoms diminished promptly in both subjects, 
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and disappeared completely before the tests were discontinued at the ex- 
piration of the 6th day of isoleucine administration. Obviously, the un- 
availability of dietary histidine failed completely to preclude recovery from 
both the metabolic and psychological manifestations of the isoleucine 
deficiency. 

In Table III is shown the distribution of nitrogen between the urine and 
feces of A. B. Entirely comparable data were obtained in the experiment 


III 
Role of Isoleucine and Histidine in Nitrogen Balance 
Subject A. B., daily nitrogen intake, 8.08 gm. 


| N output | | Blood 
| 
Pei | Urine | Feces Non: | Plasma | Hemo- 

1 71.8) 5.60 1.11 41.37 Complete; 10 amino acids 
2 71.8 6.32 1.11 | +0.65 | 

3 71.8, 6.33 | 1.11 | +0.64 

4 | 71.8) 6.43 1.11 +0.54 

5 | 71.8) 5.94 1.11 | +1.03 

6 |71.8| 5.82) 1.11 41.15 28 7.0 16.7 

7 | 70.8 8.38 0.96 —1.26 | | No isoleucine; 9 amino 

| acids 

| 70.8} 9.00 0.96) —1.88 

9 | 70.4/ 10.53 0.96 —3.41 | 
10 | 70.4) 11.02 0.96 -3.90| 32 7.5 | 16.8 
11 | 71.3} 8.52 —1.44 | No histidine; 9 amino 

| acids 

12 71.8) 8.54) 1.00 —1.46 
13 | 72.7| 6.94 1.00 +0.14 
14 72.7| 6.37, 1.00 +0.71 
15 72.7| 6.04 1.00 +1.04 
16 72.7| 5.60 1.00 +1.48| 28 6.8 | 15.9 


upon D. T. W., but are omitted to conserve space. Attention is called 
to the sharp rise in the output of urinary nitrogen following the removal 
of isoleucine from the food. On the 10th day of the experiment (4th day 
of isoleucine deprivation) it attained a level which was almost twice that 
observed on the Ist day. Also to be noted is the fact that, after isoleucine 
had been restored to the food, the absence of histidine did not prevent 
the urinary nitrogen from decreasing rapidly to its original level. 
Analyses of blood samples taken at the end of each period showed that 
the whole blood non-protein nitrogen, total plasma proteins, and hemo- 
globin remained within normal limits (Table III). Though the results 
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are not included in the tabular data, erythrocyte and leucocyte counts 
also were perfectly normal throughout. 

In Table IV is summarized for A. B. the distribution of nitrogen between 
the several urinary components. All analyses were made at daily inter- 
vals, but the results are presented as period averages. The nitrogen dis- 
tribution is, for the most part, just as one would expect with a normal 
diet of relatively low nitrogen content. An exception is the ammonia 
nitrogen, which increased from a moderate value during the fore period 
to a rather high one during the period of isoleucine deficiency, and failed 
to diminish appreciably during the after period. A like behavior of the 
ammonia nitrogen was observed in D. T. W. No explanation is available 
for this phenomenon. In both subjects the output of a-amino nitrogen 
was high. This is observed regularly under the conditions of our experi- 
ments and doubtless is attributable to the partial excretion of the p iso- 


TaBLe IV 
Urinary Nitrogen Partition (Period Averages) 
Subject A. B., initial body weight, 71.8 kilos. 


| 
Am- | Creati-; Crea- Uric Amino 
Urea N noniaN/ nine N | tine N acid N| ON | 


Period Total N Diet 


days gm. | gm. gm. gm. gm. gm. 
6 6.07 3.28 0.77 | 0.6 0.03 0.10 1.04 | 0.24 Complete 
| 9.73 6.52 | 1.01 | 0.62 0.05 0.15 | 0.97 | 0.41 | No isoleucine 
6 | 7.00 3.78 | 0.99 0.60 | 0.06 0.11 1.09 | 0.37 “ histidine 


mers of valine, isoleucine, and threonine. As indicated above, the daily 
intake of a-amino nitrogen in these forms during the fore period amounted 
to 1.37 gm. 

The two experiments outlined above demonstrate unmistakably that 
isoleucine is an indispensable component of the human diet. As measured 
by the magnitude of the negative nitrogen balance and the intensity of 
the subjective symptoms, no other type of amino acid deficiency produces 
in man so prompt and so profound a nutritive failure. On the contrary, 
the ability of subjects upon an isoleucine-deficient diet to recover promptly 
when this amino acid js returned to the diet, despite the absence of histi- 
dine from the food, provides additional evidence in support of the con- 
clusion (2) that preformed histidine is not necessary for the maintenance of 
nitrogen equilibrium in adult man. In view of the latter fact, all subsequent 
investigations of this series will involve the use of histidine-free diets. 


SUMMARY 


Further experiments designed to establish the amino acid requirements 
of man have demonstrated that isoleucine is an indispensable dietary com- 
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ponent. Its exclusion from the food is followed promptly by a negative 
nitrogen balance of greater magnitude than that encountered in any other 
type of amino acid deficiency. On the other hand, the removal of histi- 
dine from the diet of subjects who are experiencing an isoleucine deficiency 
does not prevent the reestablishment of positive nitrogen balance when 
isoleucine is restored to the food. This is interpreted as providing ad- 
ditional evidence in support of the conclusion (2) that preformed histidine 
is not necessary for the maintenance of nitrogen equilibrium in adult man. 
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THE AMINO ACID REQUIREMENTS OF MAN 
IV. THE ROLE OF LEUCINE AND PHENYLALANINE* 


By WILLIAM C. ROSE, DONALD T. WARNER,f ann WILLIAM J. HAINESt 


(From the Division of Biochemistry, Noyes Laboratory of Chemistry, University of 
Illinois, Urbana, Illinois) 


(Received for publication, July 23, 1951) 


For a number of years, investigations in this laboratory have been con- 
cerned with the significance of individual amino acids in human metabo- 
lism as measured by their réle in the maintenance of nitrogen equilibrium 
(1-3). The present paper extends these observations to leucine and phen- 
ylalanine. 


EXPERIMENTAL 


The reader is again referred to the first paper of this series (1) for full 
information regarding the general methods employed in the conduct of the 
experiments, the techniques used in analyzing the foods and excreta, and 
the procedures involved in the preparation of the diets. In all experiments, 
the diets consisted of mixtures of highly purified amino acids; wafers com- 
posed of starch, sucrose, purified butter fat (1), corn oil, salts, and baking 
powder; and additional calories in the form of sucrose and butter fat as 
required by the subjects. The amino acids were always ingested as aque- 
ous solutions flavored with filtered lemon juice, and usually sweetened to 
taste with known amounts of sucrose. The extra butter fat served as a 
spread for the wafers. One-third of the daily allotment of each dietary 
component was consumed at each meal. As explained in preceding papers 
(1, 2), the subjects were healthy male graduate students, most of whom 
were majoring in biochemistry and consequently were interested in the 
outcome of the experiments. 

In determining the qualitative réle of leucine and phenylalanine, two 
subjects were used in each type of amino acid deficiency. In order to 
conserve space, and because of the uniformity of the findings observed in 


* Aided by grants from the Nutrition Foundation, Ine., and the Graduate College 
Research Fund of the University of Illinois. 

t The experimental data in this paper are taken from theses submitted by Donald 
T. Warner and William J. Haines in partial fulfilment of the requirements for the 
degree of Doctor of Philosophy in Biochemistry in the Graduate College of the Uni- 
versity of Hlinois. Present address of Donald T. Warner, Research Department, 
General Mills, Inc., Minneapolis, Minnesota. Present address of William J. Haines, 
Endocrinology Research, The Upjohn Company, Kalamazoo, Michigan. 
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614 AMINO ACID REQUIREMENTS OF MAN. IV 
different subjects with a given amino acid, only a single experiment in- 
volving each compound is recorded in the present paper. 

Table I shows the composition and daily intake of the amino acid mix- 
ture (Mixture B). The latter was used as a source of nitrogen in one of 
the threonine experiments described earlier (2). It was devoid of histi- 
dine, since this amino acid has been found to be non-essential for the main- 
tenance of nitrogen equilibrium in adult man (2, 3). The mixture con- 
tained four racemic amino acids. Three of these, namely valine, isoleucine, 


TABLE I 


Composition of Amino Acid Mixture B 
Daily intake 
Component 
As used N content 
sm. gm. gm. 
monohydrochloride ........................ 8.36 1.28 
3.31 
| 4.00 1.06 
37.38 51.10 


* Racemic acids. 
t Of the 6.57 gm. of nitrogen contributed by Mixture B, 1.31 gm. were derived 
from the p isomers of valine, isoleucine, and threonine. 


and threonine, were doubled in amount over the desired levels in order to 
allow for the possibility that the p isomers might not be utilized by man. 
However, the proportion of pL-methionine was not increased since the 
two optical forms were assumed to be essentially equal in effectiveness 
(cf. (4)). Of the 6.57 gm. of nitrogen present in Mixture B, 1.31 gm. were 
derived from the p forms of valine, isoleucine, and threonine. 

Wafers II supplied a large part of the calories of each subject. The 
composition and daily intake of these wafers have already been described 
elsewhere (2, 3), and need not be repeated here. The daily allotment 
furnished 2147 calories and 0.30 gm. of unidentified nitrogen. The latter 
was derived almost entirely from the starch and consequently could not 
be lowered. The intakes of inorganic salts and vitamins were kept uniform 
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in all subjects throughout the entire series of investigations (cf. (1), Tables 
I to III). 

For the experiments herein described R. U. B. and B. E. L. served as 
subjects. They were 22 and 28 years of age, and weighed 67.2 and 73.1 
kilos respectively at the beginning of the tests. The initial diet of R. U. B. 
consisted of amino acid Mixture B, Wafers II, 140 gm. of sucrose, and 80 
gm. of purified butter fat daily. His energy intake was 3640 calories. 
The diet of B. E. L. was identical except that it contained 175 gm. of 


y ROLE OF LEUCINE 
GM. 
2 
.;| R.U.B.,67.2 KG. 
7.00 GM. N,3640 CAL. 
j 
DAY 
ROLE OF PHENYLALANINE 
- PHENYL ane INE + PHENY LALANINE 
B.E.L., 73.1 KG, 
7.00 GM. N, 3929 CAL. 
“2 
Fic. 1. The réle of leucine and phenylalanine in the maintenance of nitrogen 
equilibrium in man. 


sucrose and 95 gm. of butter fat. His energy consumption was 3929 
calories per day. Both diets furnished 7.00 gm. of total nitrogen. The 
unidentified nitrogen derived from all articles of food (wafers, butter fat, 
liver concentrate used as a supplementary source of vitamins, and lemon 
juice (1)) amounted to 0.43 gm. daily. 

The nitrogen balance data obtained with both subjects are presented 
graphically in Fig. 1. The upper curve represents the results of the ex- 
periment upon R. U. B., and shows the effects of leucine deprivation. 
This young man had not served previously as a subject in any of our human 
amino acid studies. Upon the “complete” diet he came into positive 
balance promptly, and remained so throughout the fore period of 5 days. 
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As will be observed, the magnitude of the nitrogen retention varied con- 
siderably from day to day. However, the balance was always positive 
and showed an average for the period of +0.56 gm. 

No satisfactory explanation is available to account for fluctuations in 
nitrogen balance such as those manifested by this individual. Each sub- 
ject was advised to pursue his customary activities during the course of 
an experiment, but to avoid unusual physical exertion or other departures 
from his normal routine. Despite these precautions, daily variations in 
the excretion of nitrogen were encountered to a greater or lesser extent 
in all experiments. The factors responsible therefor appear to be beyond 
the present range of experimental control. One may affirm positively that 
the irregularities are not attributable to errors in the intakes of food nor 
to inaccuracies in the collections of the excreta. Rather they appear to 
be of metabolic origin, and to represent one of the inherent limitations 
in nitrogen balance studies (cf. (5)). 

At the end of the fore period, leucine was removed from the diet of 
R. U. B., and the remaining amino acids were increased sufficiently to 
provide a constant nitrogen intake. The effects, though unmistakable, 
were astonishingly slow in manifesting themselves. Very gradually the 
nitrogen output increased, and on the 3rd day of leucine deficiency a nega- 
tive balance was attained. The maximum response occurred on the 6th 
day of leucine deficiency, when the balance was —0.84 gm. However, 
this was followed on the 7th day by an unaccountable decrease in nitrogen 
output, with a resulting balance of —0.21 gm. After the return of leucine 
to the food, the nitrogen excretion diminished grudgingly until a strong 
retention occurred at the end of the test. 

In the second leucine experiment, the results of which are not included 
in this paper, the behavior of the nitrogen balance was somewhat more 
consistent; but here also the magnitude of the nitrogen loss during the 7 
day experimental period was irregular, and varied from —0.45 to —1.42 
gm. Furthermore, the response to leucine removal or restoration was 
again rather slow in manifesting itself. Indeed, the contrast between leu- 
cine and isoleucine (3), with respect to their réles in nitrogen equilibrium, is 
quite amazing. One is tempted to speculate as to the reason for this 
striking difference, and to hazard the suggestion that a small amount of 
leucine may be manufactured by man, or by microorganisms inhabiting 
his alimentary tract. Opposed to this conjecture perhaps is the fact that 
the quantitative requirement of the human organism for leucine is greater 
than that for isoleucine (5), as will be demonstrated in a subsequent paper. 
In any event, leucine must be classified as an essential dietary component 
inasmuch as nitrogen balance cannot be maintained in adult man without 
its presence in the food. 
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The lower curve of Fig. 1 summarizes the experiment upon B. E. L., 
and shows the effects of phenylalanine deprivation. This subject had 
already served in one of the threonine experiments described in an earlier 
paper (2). Without interruption he continued upon the present test. 
Thus, the after period of the threonine experiment became the fore period 
of the phenylalanine investigation. During the 5 days of this period, 


TABLE II 
Réle of Leucine in Nitrogen Balance 
Subject R. U. B., daily nitrogen intake, 7.00 gm. 


N output Blood | 
Period | Body, | N balance Non Diet 
Urine Feces protein 
1 | 67.2 | 5.61 1.05 | +0.34 Complete; 9 amino acids* 
2 | 67.2) 5.35 | 1.05 | +0.60 
3 | 67.2) 5.83 | 1.05 | +0.12 
4 | 67.7) 5.02 | 1.05 | +0.93 
5 | 67.2) 5.16 | 1.05 | +0.79 | 45 6.1 | 14.6 
6 | 67.2 | 5.48 | 1.05 | +0.47 No leucine; 8 amino acids 
7 | 67.2) 5.68 | 1.05 | +0.27 
8 67.2) 6.40 | 1.05 | —0.45 
9 | 67.2 | 6.73 | 1.05 | —0.78 
10 | 67.2 | 6.71 | 1.05 | —0.76 
11 | 66.7 | 6.79 1.05 | —O.84 
12 | 66.7 | 6.16 1.05 —0.21 | 44 6.8 | 15.2 
13 | 66.7 | 6.57 1.07 | —0.64 Complete; 9 amino acids 
14 | 66.2 | 6.32) 1.07 | —0.39 
15 66.7 5.77 | 1.07 | +0.16 
16 | 66.2 | 6.05 1.07 | —0.12 | 
17 | 66.2 | 5.47 1.07 | +0.46 
18 66.2 5.10 1.07 +0.83 | 
19 66.7 4.15 1.07 41.78 42 7.6 14.1 


* Throughout this experiment the food was devoid of histidine. 
B. E. L. was almost exactly in equilibrium, with an average daily balance 
of +0.07 gm. After the removal of phenylalanine from the food, the 
response was immediate and pronounced. A balance of —0.81 gm. was 
attained on the Ist day of the deficiency. On the 4th day, the nitrogen 
output exceeded the intake by 2.74 gm. The usual symptoms associated 
with amino acid deficiencies, namely failure of appetite, fatigue, and ner- 
vous irritability, revealed themselves acutely. With the restoration of 
phenylalanine to the diet the subjective symptoms disappeared, and the 
nitrogen loss slowly diminished until a slightly positive balance was attained 
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on the 5th day. During the last 4 days of the experiment, the average 
daily balance was +0.13 gm. 

The second phenylalanine experiment, though omitted from this paper, 
yielded entirely comparable results. It is evident, therefore, that phenyl- 
alanine is an indispensable component of the diet of man. Furthermore, a 


TaB.e III 
Réle of Phenylalanine in Nitrogen Balance 
Subject B. E. L., daily nitrogen intake, 7.00 gm. 


| | N output Blood 
Period N balance| Diet 
| protein |proteins| globin 

deys | hg. | gm. | gm. | gm. £97) Om. for Em. for 

1 | 73.1 | 5.90 | 0.83 | +0.27 Complete; 9 amino acids* 

2 73.1 | 6.36 | 0.83 | —0.19 

3 73.5 | 6.20 | 0.83 | —0.03 

4 73.5 | 5.99 | 0.83 | +0.18 

5 73.5 | 6.06 | 0.83 | +0.11 | 44 7.3 | 14.9 

6 | 73.2 | 7.35 | 0.46 | —0.81 No phenylalanine; 8 amino 

acids 

7 | 72.7 | 8.77 | 0.46 | —2.23 

8 | 72.7 | 8.76 | 0.46 | —2.22 

9 | 72.7 9.28 | 0.46 —2.74| 35 | 7.4 | 15.0 

10 | 72.7 | 7.55 0.71 | —1.26 Complete; 9 amino acids 
11 | 72.7 | 7.00 | 0.71 | —0.71 

12 | 72.7 | 6.70 | 0.71 | —0.41 

13. | 72.7 | 6.55 0.71 | —0.26 

14 | 72.7 | 6.20 | 0.71 | +0.09 

15 | 72.7 | 6.02 0.71 | +0.27 

16 | 73.5 | 6.40| 0.71; —0.11 38 | 7.0 | 15.1. 

17. | 73.5 6.04 0.71 +0.25 | 


© Throughout this experiment the food was devoid of histidine. _ 


deficiency of this amino acid exerts a much greater effect upon nitrogen 
balance than does the absence of leucine from the food. Indeed, the 
response to phenylalanine deprivation appears to be approximately equal 
in severity to that induced by a valine deficiency (1). Neither is so pro- 
found as that occasioned by the exclusion of isoleucine (3). 

In Tables II and III are presented figures representing the distribution 
of excretory nitrogen between the urine and feces of each of the two sub- 
jects. The data require little comment, inasmuch as they are quite com- 
parable to those described in previous papers involving other essential 
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amino acids. The relative intensity of the deficiency induced by the 
absence of leucine or phenylalanine is indicated by the magnitude of the 
rise in urinary nitrogen. This was greater in the case of phenylalanine. 
In both experiments (Tables II and III), the total plasma proteins and 
hemoglobin remained within normal limits throughout, as did the erythro- 
cyte and leucocyte counts which are omitted from the tabular material. 
Certain of the values for whole blood non-protein nitrogen were somewhat 
higher than have usually been encountered in similar studies, and appear 
to approximate the upper limit of the normal range (cf. (6), Table IV). 
No explanation can be offered at this time to account for these values. 
In Table IV are recorded figures representing the average daily partition 
of nitrogen between the several urinary components. As in earlier experi- 


TaBLe IV 
Urinary N ina Partition (Period Averages) 


| eee Creati- Crea- | Uric 


days | gm. gm. em. | am. om. | gm. gm. gm. 


R. U. B.,| 5 | 5.39 3.16 | 0.45 | 0.62 0.06 0.07 0.82 | 0.21 | Complete* 

67.2 kilos 7 (6.28 3.86 0.47 | 0.65 0.05 0.09 0.93 0.23 No leucine 
7 5.63 3.34 0.57 0.64 | 0.05 0.07 0.84 0.12 | Complete 

B. E. L., 5 6.10 3.15 0.82 | 0.66 0.03 0.11 1.09 0.24 | Complete* 

73.1 kilos 4 | 8.54 5.49 0.95 0.68 0.02 0. 12 1. 13 0.15 | No phenyl- 


| | | alanine 
6.56 3.42 0.92 0.65 | 0.01 0.10 1.10 0.36 Complete 


* The food was devoid of histidine throughout the experiment. 


ments involving other amino acids (1-3), no departures from the normal 
were observed except in the values for a-amino nitrogen. The latter were 
consistently high, probably because of the partial excretion of the p isomers 
of valine, isoleucine, and threonine. The intake of nitrogen in these forms 
amounted to 1.31 gm. daily. 


SUMMARY 


Adult human subjects may be brought into nitrogen equilibrium upon 
diets in which 94 per cent of the total nitrogen is furnished by a mixture 
of the nine amino acids, other than histidine, which were previously found 
to be essential for the growing rat. The removal of either leucine or 
phenylalanine from this ration, without alteration in the total nitrogen 
intake, leads to a negative nitrogen balance which is relieved by the restora- 
tion of the missing amino acid. The findings demonstrate clearly that 
leucine and phenylalanine are indispensable components of the diet of man. 
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PHYSOSTIGMINE UPTAKE BY CELLS AND ITS EFFECT ON 
POTASSIUM EXCHANGE* 


By HALVOR N. CHRISTENSEN anv THOMAS R. RIGGS 


(From the Department of Biochemistry and Nutrition, Tufts College 
Medical School, Boston, Massachusetts) 


(Received for publication, June 22, 1951) 


Incubation of human blood with a saline solution containing 1 to 10 mm 
physostigmine was shown by Taylor and Weller (1)! to lead to a con- 
tinuing loss of potassium from the red cells. Relationships which we have 
observed between the concentrating of potassium and of glycine by cells? 
led to a suggestion by Dr. A. B. Hastings that the effect of physostigmine 
on the cellular uptake of glycine be tested. An inhibition of glycine up- 
take by the Ehrlich mouse ascites carcinoma cell was found.2, Accompany- 
ing analyses of chloride, potassium, and sodium appeared to show the 
development of a deficiency of cations, relative to anions, by the cell. 
It occurred to us that the physostigmine cation itself might be displacing 
significant amounts of inorganic cations. Satisfaction of the apparent 
cation deficiency would require that higher concentrations of physostig- 
mine be reached within the cells than outside. Such has been found to be 
the case, not only for the carcinoma cells but also for erythrocytes. The 
nucleated erythrocytes of the duck proved especially active, concentrating 
the alkaloid by about 3 times. 


EXPERIMENTAL 


The various cells were incubated with physostigmine immediately after 
collection. Hydrochloric acid (0.154 M) was titrated to pH 6.5 to 7.0 
by adding solid physostigmine alkaloid. The resulting solution was added 
to the ascitic fluid to give caleulated concentrations of 5 to 25 mm in the 
extracellular fluid. Whole blood was extended with 1.5 volumes of the 
saline-glucose medium of Raker, Tayldér, Weller, and Hastings (2), physo- 
stigmine chloride replacing part of the sodium chloride. In two cases a 
solution containing NaCl, NaHCO ; (25 mm), CaCl, (2.5 mM), and physo- 
stigmine chloride to a total concentration of 154 mM was used instead. 

The cells were separated by centrifuging measured portions of the sus- 
pensions in a room maintained at 38° and weighed. Comparison of cell 


* This investigation has been supported in part by grants from the National 
Cancer Institute of the National Institutes of Health, United States Public Health 
Service, the American Academy of Arts and Sciences, and the Abbott Laboratories. 

! Personal communication from Dr. Taylor and Dr. Weller. 

* Unpublished results, Christensen and Riggs. 
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masses was used to measure swelling; in most cases water determina- 
tions were also made by drying to constant weight at 110°. The weighed 
fresh cells were suspended in an equal volume of water; then 9 volumes of 
0.75 ~ nitric acid (3) were added. The filtrate obtained on centrifuging 
was used for determinations of physostigmine, potassium, sodium, and 
chloride. The inorganic cations were measured on duplicate dilutions of 
the filtrate and of the extracellular fluid by means of the Barclay flame 
photometer with internal lithium standards.? Chloride was determined by 
a Volhard microtechnique (3). 

Physostigmine was determined by an adaptation of the procedure of 
Ellis, Plachte, and Straus (4). Aliquots of the nitric acid extract were 
diluted 4 to 16 times, including approximately the predetermined quantity 
of sodium hydroxide required to neutralize the nitric acid. A reference 
blank and standards were prepared in a similar way from the nitric acid 
extract of the control (physostigmine-free) portion of the cells under study. 
To the standards, physostigmine chloride was added to about 0.5 ma 
concentration. The red color of rubroserine was developed by addition 
of alkali (4); then an approximately equivalent amount of hydrochloric 
acid was added. A 1 ml. portion of the resulting solution was added to 
4 ml. of 0.5 m phosphate buffer, pH 7.0. The optical densities were com- 
pared at 490 my with a Coleman junior spectrophotometer. Physostig- 
mine was estimated in the suspending fluids in a similar manner, after 
diluting the fluids 10 to 50 times. The reference and standards were again 
prepared from control portions of the same fluid. The nitrate present in 
the alkalized cell extracts had a moderately stimulating effect on color 
development, although the nitrate concentration was not highly critical. 
The added alkaloid was recovered to a total of 87 to 110 per cent as the 
sum of the amounts found in the plasma and cells after incubation. 

The analytical results were calculated in milliequivalents per kilo of 
extracellular and cellular water, respectively, without implication as to 
the state of the 4 ions. The shifts of ions were calculated after the effects 
of the shift of water had been takgn into account. In the case of potas- 
sium, the shifts were calculated both from the fall of cell concentrations 
and the rise in extracellular concentrations; these were in reasonably good 
agreement. 


Results 


Sodium did not replace the potassium leaving the cells to an important 
extent (Table I). A large cation deficiency was calculated by adding the 
loss of potassium and the gain of chloride, minus the gain of sodium. _ If 


* These determinations were kindly made for us by Mr. Joseph Benotti, Director 
of Laboratories, New England Center Hospital. 
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physostigmine was considered as a cation, its entrance into the cell cut 
the disparity between cations and anions on the average to one-fourth. 
Very nearly a full equivalent of acid was required to titrate the alkaloid 
to pH 7.0. The pK appeared to be in the region of 8.1. The fact that 
accurate balance was still not obtained when all 4 ions were considered 
probably indicates that other ions changed in concentration; analytical 
inaccuracy was undoubtedly also a factor. 


Taste II 
Inhibition by Potassium and by Decreased Temperature of Uptake of Physostigmine 
by Duck Erythrocytes 
Blood was extended with 1.5 volumes of the medium of Raker et al. (2) to produce 
the control medium. This was modified in some cases to give the indicated initial 
composition of the extracellular phase. Physostigmine chloride was included in 
the media to approximate 10 mm (Experiment D30) and 20 mm concentrations in the 


extracellular phase. - 
| Physostigmine distribution after 2 hrs. 
— Cellular | ratio cells* 
K* 78 mM 38 9.0 i | 24 
K* 80 ma 38 13.4 | 2 2.2 34 
_ Control 20 12.4 | @ 23 | &% 
3s 12.8 37.7 <i 
74 ma 38 13.2 24.0 
Dinitrophenol 2 38 | 13.5 | 38.0 2.8 | 42 


* (Cell water)/ (cell dry weight) x (eoncentration in call water | minus concen- 
tration in extracellular water). 


Chloride uptake was occasionally a large factor; in Experiment AT19 
(Table I) with ascitic carcinoma cells most of the physostigmine appeared 
to be taken up as the chloride. The same was true for duck erythro- 
cytes at physostigmine concentrations of 48 mM and higher; the uptake 
of chloride was associated with extensive swelling of the cells. In Ex- 
periment D31, three aliquot portions of a sample of duck erythrocytes 
were exposed to 19, 48, and 96 mm physostigmine. The potassium loss 
during 2 hours was essentially the same in the three cases; the cells at 
higher concentration took up more chloride and water. 

The uptake of the alkaloid was complete in 2 hours or less. Taylor 
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and Weller' observed that the potassium loss was a continuing one for 
several hours. A cation deficiency, with regard to the 4 ions under study, 
appeared to develop after several hours (Experiments H2 and D30). 

Nature of Uptake of Alkaloid—Raising the potassium concentration of 
the medium to 74 to 80 mm, by replacement of sodium, inhibited the 
uptake of physostigmine (Table II). This effect was not dependent upon 
an assumption that the physostigmine was dissolved in the cell water; 
it was still apparent when the extra physostigmine in the cells was as- 
sumed to be bound to cell material, or even if all the physostigmine in the 
cell was referred to the cell solids instead of the cell water. The uptake 
was less at room temperature, or in an ice bath, than at 38°, but the effect 
of temperature was notably less than that shown for glycine by duck 
erythrocytes. The uptake was unaffected by 2,4-dinitrophenol. 

A hemolysate of duck erythrocytes was prepared by repeated freezing 
and thawing, then dialyzed 20 hours at 20-24° against saline solutions, 
similar to the medium of Raker ef al. (2) but containing sodium chloride 
in place of sodium bicarbonate and containing originally 10 and 20 mm 
physostigmine chloride. The concentrations found in the hemolysate at 
the end of the dialysis period were 2.1 and 3.3 times those in the dialysate. 


DISCUSSION 


The uptake of glycine, alanine, or potassium by erythrocytes is not 
preserved under the conditions of the above dialysis. The process of 
physostigmine uptake cannot be considered to be ‘“concentrative” or to 
be an “accumulation,” but appears instead to be a result of a binding of 
physostigmine by non-dialyzable cell constituents. The important feature 
of this binding is that the cationic nature of the alkaloid is preserved, or 
otherwise an anion group is eliminated by the binding, so that potassium 
tends to be displaced from the cell. The distribution ratios were not 
greatly changed between 5 and 50 mM physostigmine; the binding groups 
appeared to be in substantial concentration. 

The inhibitory action of potassium ion with regard to physostigmine up- 
take does not imply a specific competition between potassium and physo- 
stigmine for certain positions in the cell. The high extracellular potas- 
sium concentration undoubtedly opposes the loss of potassium from the 
cell; presumably the rate at which potassium can be lost limits in part 
the uptake of physostigmine. Taylor and Weller found both the uptake 
and exit of potassium inhibited by physostigmine; the former effect was 
dominant and was the only one observed at lower concentrations (about 
3 maM).' This specificity may imply that physostigmine binding occurs 
also at the cell boundary to interfere more or less specifically with potas- 
sium transport in one direction. The interpretation that physostigmine 
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causes potassium leakage by inhibiting choline esterase does not seem 
probable in view of the foregoing results. The concentrations required 
to cause measurable potassium transfer are at least 10 times as great as 
those required to stop all choline esterase action in the plasma; it can 
hardly be doubted now that enough physostigmine gets into the cells 
to stop choline esterase action there. 


SUMMARY 


1. The loss of potassium from mouse ascites carcinoma cells and eryth- 
rocytes was not accompanied by a balancing uptake of sodium; rather 
an uptake of chloride occurred, and a substantial cation deficit appeared 
to develop. 

2. This apparent cation deficiency was largely explained if the physo- 
stigmine cation entering the cell was taken into consideration. Physo- 
stigmine reached a level about 2 times as high in the carcinoma cells and 
in human erythrocytes, and 3 times as high in duck erythrocytes, as in 
the suspending fluid. 

3. Elevated potassium levels, or decreased temperatures, inhibited mod- 


erately the uptake of the alkaloid by duck erythrocytes. 2,4-Dinitro- 


phenol was without effect. 

4. Hemolyzed duck erythrocytes showed physostigmine uptake under 
equilibrium dialysis; therefore the uptake was due to a binding of physo- 
stigmine by cell components. The cationic equivalency of physostigmine 
appeared to be preserved in this binding. 


Technical assistance was rendered by Miss Irene M. Palatine, Mrs. 
Mildred White, and Miss Constance Callendar. 
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QUINOLINIC ACID EXCRETION AND METABOLISM IN MAN* 


By HERBERT P. SARETT 


(From the Nutrition Research Laboratory, Departments of Medicine and Biochemistry, 
Tulane University School of Medicine, New Orleans, Louisiana) 


(Received for publication, June 22, 1951) 


In 1946, Rosen ef al. (1) showed that administration of tryptophan to 
rats resulted in an additional excretion of nicotinic acid and N'-methyl- 
nicotinamide (N'-Me). Singal ef al. (2) found, in addition to these, in- 
creased excretion of another metabolite which could be converted to nico- 
tinic acid by autoclaving in 1 N sulfuric acid solution. Henderson isolated 
this metabolite from the urine of rats receiving tryptophan, identified it 
as quinolinic acid, and showed that it was partially decarboxylated to 
nicotinic acid by the treatment employed by Singal e¢ al. (2); he converted 
it quantitatively to nicotinic acid by autoclaving in glacial acetic acid 
(3). Increased quinolinic acid excretion following tryptophan administra- 
tion has also been noted in man (4-6), the dog (7), and other animals (8). 

The place of quinolinic acid in the conversion of tryptophan to nicotinic 
acid has not been established (9-12). Quinolinic acid is partially con- 
verted to nicotinic acid compounds in the rat (9, 10), and can replace, 
to a limited extent, the nicotinic acid requirement of the rat for growth 
(9, 11). Neurospora mutants utilize quinolinic acid poorly in place of 
nicotinic acid (9, 11). Neurospora and rat liver slices can convert 3- 
hydroxyanthranilic acid (an intermediate in the synthesis of nicotinic acid 
in Neurospora) to quinolinic acid (11, 12). 

The present experiments were undertaken to learn whether quinolinic 
acid is a precursor of nicotinic acid in man, and, if so, to try to ascertain 
its importance in the conversion of tryptophan to nicotinic acid. The 
effect of quinolinic acid administration upon the urinary excretion of nico- 
tinic acid metabolites was studied in man and compared with the findings 
following tryptophan supplements. Data on the excretion of quinolinic 
acid by subjects on various diets and after test doses of tryptophan are 
also presented. 


* A preliminary report was presented before the American Society of Biological 
Chemists at Cleveland, Ohio, May, 1951 (Federation Proc., 10, 242 (1951)). This 
work was supported by grants from the Nutrition Foundation, Inc., thé Williams- 
Waterman Fund of the Research Corporation, and the Division of Research Grants 
and Fellowships of the National Institutes of Health, United States Public Health 
Service. 
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628 QUINOLINIC ACID EXCRETION 


EXPERIMENTAL 


In the experiments on the metabolism of quinolinic acid in man, three 
subjects were maintained on a modified wheat diet' (4) in a metabolism 
ward of the Charity Hospital of Louisiana, New Orleans. Quinolinic acid 
(Eastman) and L-tryptophan? supplements were given with the noon and 
evening meals, and an equal weight of sodium bicarbonate was adminis. 
tered with the quinolinic acid to neutralize it. The samples of quinolinic 
acid used were found to contain 0.01 to 0.02 per cent nicotinic acid ac- 
tivity by assay with Lactobacillus arabinosus (13). The 24 hour urines 
were collected in amber bottles containing 5 ml. of glacial acetic acid and 
neutralized to pH 6.8 after collection, and aliquots were frozen and stored 
in 16 X 150 mm. screw cap tubes.’ The urines were analyzed for N'-Me 
(N'!-methylpyridinium-3-carboxylic acid amide or N'-methylnicotinamide) 
and for the 6-pyridone of N'-Me (pyridone) by fluorometric methods (14, 
15), as modified in this laboratory. JL. arabinosus was used for assay of 
free nicotinic acid and tryptophan (4, 13), and for measurement of the 
nicotinic acid formed by decarboxylation of quinolinic acid in 50 per 
cent acetic acid solution (see below). Nitrogen analyses by the Kjeldahl 
method and creatinine estimation with an alkaline picrate reagent were 
performed to check the completeness of urine collection. 

In previous studies on the effect of tryptophan administration on ex- 
cretion of nicotinic acid compounds in man, autoclaving the urine in 1 x 
sulfuric acid solution for 1 hour at 121° was found to result in increased 
nicotinic acid values, which were reported as nicotinic acid values “after 
acid autoclaving” (4-6). The autoclaving was carried out in test-tubes, 
covered with beakers, with 10 ml. of urine and 1 ml. of 11 N sulfuric acid. 
L. arabinosus was used for analysis of the nicotinic acid in the untreated 
urine and of the autoclaved sample after neutralization and dilution (4, 
13). Although it was known that higher nicotinic acid values could be 
obtained by longer autoclaving, the values after 1 hour were found to 
be reproducible, and this procedure was used (4). 

After Henderson showed that quinolinie acid was the substance in urine 
which was converted to nicotinic acid by this treatment (3), the effect of 
autoclaving quinolinic acid in acid solution was studied. Autoclaving in 
1 n sulfuric acid for 1 hour yielded 15.5 to 19 y of nicotinic acid (average, 


1The unenriched wheat products were generously furnished by General Mills, 
Inc., through the courtesy of Dr. H. 8. Faulkner, Mor Beef was kindly supplied by 
Wilson and Company, Inc., through the courtesy of Dr. kK. J. Czarnetzky. 

2Dr. C. Robertson of the Van Camp Laboratories generously furnished the L- 
tryptophan used in these experiments. 

3 Frozen storage of neutralized urine in tubes has been found to be more con- 
venient and to give more reproducible results than storage of acidified urine in the 
refrigerator. 
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H. P. SARETT 629 
17.2 y) per 100 y of quinolinic acid. On the basis of the relative molecular 
weights of these compounds, this represents an average conversion of 23 
per cent (Table I). By this method of decarboxylation, quinolinic acid 
values for urine have been calculated by multiplying the increase in nico- 
tinic acid value resulting from the autoclaving by 100/17.2, or 5.8. Longer 
periods of autoclaving in 1 N sulfuric acid increased the yield of nicotinic 
acid, but the use of stronger acid decreased the conversion‘ (Table I). 
In order to learn whether the rate of conversion of quinolinic acid to 
nicotinic acid in urine was the same as that found in pure solution, samples 
of a urine and of quinolinic acid were autoclaved in 1 N sulfuric acid for 
1, 2, and 4 hours. These samples and one of the untreated urine were 


TABLE | 
Conversion of Quinolinic Acid to Nicotinic Acid by Autoclaving in Acid Solution 
Acid Time of autoclaving | 
Ars. per cent 
Sulfuric. 1% 1 | 23 (21-26) 
1 2 45 
sé 1 sé 3 54 
se 1 4 64 
sé 2 l 15 
sé 5 sé l 7 
“ 10 ** | l | 2 
Acetic. 50% 1 82 (80-83) 
66% | 1 | 94 
90-100% | 1 | 100* 


* With complete conversion, 73.5 7 of nicotinic acid are formed from 100 y of 
quinolinic acid. 


analyzed for nicotinic acid, and the quinolinic acid content of the urine was 
calculated for each autoclaved sample of urine by use of the conversion 
factors found with the quinolinic acid standards. The quinolinic acid 
values calculated for the samples autoclaved for 1, 2, and 4 hours were 
10.0, 10.2, and 10.0 mg. of quinolinic acid per day, respectively. This 
experiment shows that the conversion factors found with quinolinic acid 
standards can be applied in analysis of urine. 

Henderson’s finding that autoclaving in glacial acetic acid resulted in 
a quantitative conversion of quinolinic acid to nicotinic acid (3, 9) has 
been confirmed (Table I). The effect of other concentrations of acetic 
acid was tested by using 1 and 2 ml. samples of quinolinic acid solution 


4 Refluxing for 1 hour in 6 N hydrochloric acid solution, as suggested for chemical 
analysis of nicotinic acid compounds in urine (16), resulted in 0.6 per cent conversion 
of quinolinic acid to nicotinic acid. 
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with 2 ml. of glacial acetic acid. Although the conversion to nicotinic 
acid was not complete, the results with these mixtures, containing 66 and 
50 per cent acetic acid, respectively, were reproducible (Table I). Auto- 
claving in 50 per cent acetic acid solution for 1 hour yielded 59 to 61 ¥ of 
nicotinic acid (average 60 y) per 100 y of quinolinic acid, representing an 
average conversion of 82 per cent. This technique permits more accurate 
analysis than does the use of 1 N sulfuric acid, especially in urines of low 
quinolinic acid content. The use of 50 per cent acetic acid for decarbox- 
ylation has been adopted in the laboratory in preference to that of glacial 
acetic acid to avoid the need for preliminary evaporation of the urine. 
With this method, quinolinic acid values have been calculated by multi- 
plying the increase in nicotinic acid values resulting from the autoclaving 
by 100/60, or 1.67. 

A comparison of the quinolinic acid values obtained by the sulfuric 


TaBLeE II 
Daily Urinary Excretion of Quinolinic Acid by Subjects on Various Diets 
Diet No. of subjects Quinolinic acid 
mg. 
Wheat or corn................ 23 4.6 (2.3- 8.5) 


acid and the acetic acid methods was made in twenty-three urines. In 
nine of the urines, which were found to contain less than 5 mg. of quino- 
linic acid per 24 hour sample, the quinolinic acid values based on conver- 
sion in acetic acid were approximately 10 per cent higher than 
those obtained after sulfuric acid autoclaving, and in one urine there was 
a difference of 20 per cent between the results with the two methods. In 
the other fourteen specimens, containing 5 to 17 mg. of quinolinic acid 
per day, the average values obtained by the two methods agreed within 2 
per cent, only three samples showing differences of 8 to 10 per cent. 

The average 24 hour excretion of quinolinic acid by subjects on various 
diets is shown in Table II. The wheat and corn diets were low in nicotinic 
acid, tryptophan, and total protein content (4). The data for quinolinic 
acid excretion by the subjects on these diets have been calculated from 
the nicotinic acid values “after acid autoclaving,” with the factor 5.8, 
and represent the average values obtained in long term experiments (4-6). 


§ After autoclaving, the solutions containing 2 ml. of glacial acetic acid must be 
neutralized and diluted to at least 40 ml. in order to avoid inhibition of growth of 
L. arabinosus by excess sodium acetate. 
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H. P. SARETT 631 
The data for the subjects on normal or hospital diets were obtained with 
either the sulfuric or the acetic acid method. 

In man the administration of tryptophan has been shown to increase 


the urinary excretion of quinolinic acid and of nicotinic acid compounds 


III 
Effect of u-Tryptophan and Quinolinic Acid on Daily Excretion of Related 
Compounds 

Compound Amount 
sm. meg. meg. mg. me. 
45 | None 1-6 | 0.52 41/29 4.1 | 11.8 
Quinolinic acid | 1 7-9| 0.53 | 27.8| 50 , 60 | 14.8 
2 |10-12| 0.60 | 44.3), 62 U8 12.7 
None 15-18 | 0.53 4.4/3.3 40 12.7 
L-Tryptophan 1 19-22 | 0.65 7.2| 66 12.8 | 13.4 
None 25-30 | 0.49 3.8 40 | 40 ) 11.1 
* 1-8 0.62 7.0 | 2.3 | 4.3 | 17.5 
L-Tryptophan 1 12 | 0.53 99/39 86 19.8 
None 15-18 0.53 5.9 2.3 | 3.0 | 12.3 
Quinolinic acid | 1 19-21 | 0.52 20.4 25 | 3.0 13.6 
2 (2224 0.56 30 40 144 
47 | None 1-6) 0.60) 45/29 3.0) 10.9 
Quinolinie acid | 2 7-10 0.58 | 41.6 3.7 3.8 | 11.4 
None 13-16 | 0.61 5.0 | 3.6 | 24 
L-Tryptophan l 17-20; 061 68 56 80 , 14.5 
None 23-26 0.56 | 4.9 2.9 | 3.4 14.4 
Quinolinic acid (27-30) 0.61 136 5.2 78 11.2 
None 33-36 0.55 3.9 3.1 3.8 12.5 
Nicotinamide* | 0.03 | 37-48 | 0.65 3.5 6.40 (17.2 | 11.7 


Subject 45 (V. S., female, age 43 years, weight 66 kilos) received a diet providing 
2100 calories, 43 gm. of protein, and 9 mg. of nicotinic acid per day. Subject 46 
(E. M., male, age 45 years, weight 66 kilos) received a diet providing 2400 calories, 
52 gm. of protein, and 11 mg. of nicotinic acid per day. Subject 47 (W. H., female, 
age 32 years, weight 65 kilos) received a diet providing 1900 calories, 40 gm. of pro- 
tein, and 8.5 mg. of nicotinic acid per day. 

* Given as 10 mg. of nicotinamide three times daily. 


(4-6, 8). Conversion of the nicotinic acid values “after acid autoclaving” 
(4-6) to quinolinic acid values, by the factor 5.8, reveals that administra- 
tion of 5 gm. daily supplements of pi-tryptophan to eleven subjects led 
to an average increase of 9.3 mg. (2.3 to 21 mg.) in the daily excretion of 
quinolinic acid. Henderson’s data on four subjects show an average in- 
crease of 7.5 mg. in quinolinic acid excretion following 5 gm. of DL-trypto- 
phan daily (8). The extra excretion of quinolinie acid following 5 gm. 
of L-tryptophan was found to be 9.9 mg. in.a normal subject and unusually 
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632 QUINOLINIC ACID EXCRETION 
high in three subjects with pellagra, in one case exceeding 300 mg. per day 
(6). | 

The effect of administration of quinolinic acid upon the excretion of 
nicotinic acid, N'-Me, and the 6-pyridone of N'-Me has been studied in 
three subjects, and the results compared with the findings after L-tryp- 
tophan supplements (Table III). No significant increase in excretion of 
compounds measured as free nicotinic acid was found after L-tryptophan 
or quinolinic acid administration. The extra excretion of N'-Me and of 
pyridone following tryptophan or quinolinic acid supplements varied 
widely in the three subjects, and was greatest in Subject 45: the excretion 
of N'-Me and pyridone after administration of 2 gm. of quinolinic acid 
was approximately the same as that obtained after 1 gm. of L-tryptophan 
(Table III). In Subjects 46 and 47 administration of 2 gm. of quinolinic 
acid resulted in very little increase in excretion of N'-Me and pyridone. 
In Subject 47, supplements of 4 gm. of quinolinic acid per day resulted in 
increases in excretion similar to those found with 1 gm. of L-tryptophan: 
Administration of 30 mg. of nicotinamide per day to Subject 47 led to 
greater excretion of N'-Me and pyridone than was found with 1 gm. of 
L-tryptophan. The ratio of pyridone to N'-Me in the urine after admin- 
istration of nicotinamide differed from that found after tryptophan or 
quinolinic acid supplements (Table ITT). 

The increase in quinolinic acid excretion following quinolinie acid ad- 
ministration accounted for only 1.5 to 2.4 per cent of the 1 and 2 gm. sup- 
plements, and 3.3 per cent of the 4 gm. dose (Table III). Quinolinic 
acid excretion was also increased by administration of 1 gm. of L-trypto- 
phan, but to a much smaller extent than was found after administration 
of an equal weight of quinolinic acid. 

Tryptophan excretion was increased slightly by administration of 
L-tryptophan and was not significantly affected by the quinolinic acid 
supplements (Table IIT). 


DISCUSSION 


In man, the extra excretion of N'-Me following administration of trypto- 
phan suggests that only a small portion of the tryptophan is converted 
to nicotinic acid (4-6). In the present experiments, oral administration 
of quinolinie acid was found to result in increased excretion of N'-Me and 
pyridone, approximately one-fourth to one-half as much as that found 
after supplements of L-tryptophan. If quinolinic acid were an _ inter- 
mediate in the main pathway of conversion of tryptophan to nicotinic 
acid, one would expect to find a greater excretion of nicotinic acid metab- 
olites following quinolinic acid supplements than is observed after trypto- 
phan administration. The absorption of quinolinic acid from the intestine 
might be questioned in the present experiments, in view of the small 
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amount of unchanged quinolinic acid found in the urine following the 
supplements. However, intraperitoneal administration of quinolinic acid 
in the rat has also been shown to result in a smaller increase in N'-Me 
excretion than does injection of tryptophan (9). The relatively low ac- 
tivity of quinolinic acid in replacing the nicotinic acid requirement of the 
rat for growth (9, 11) agrees with the data on excretion in the rat and 
man. 


SUMMARY 


Quinolinic acid has been measured in urine by microbiological assay 
of the nicotinic acid formed by decarboxylation in sulfuric or acetic acid 
solution. 

The daily excretion of quinolinic acid averaged 8.6 mg. in subjects on 
normal diets, 5.8 mg. in subjects on hospital diets, and 4.6 mg. in subjects 
on special diets low in protein and B vitamins. 

Quinolinic acid appears to be converted, in part, to nicotinic acid in 
man, as evidenced by the increased excretion of N'-methylnicotinamide 
(N'-Me) and 6-pyridone of N'-Me following oral administration of quino- 
linic acid. The excretion of N'-Me and 6-pyridone in three subjects re- 
ceiving 1 gm. of L-tryptophan was either equal to or greater than that 
found after 2 gm. of quinolinic acid supplements in the same subjects. 
Only 1.5 to 3.3 per cent of the 1, 2, or 4 gm. quinolinic acid supplements 
was excreted unchanged in the urine. 

The data suggest that quinolinic acid is a precursor of nicotinic acid 
and may therefore be an intermediate in the conversion of tryptophan to 
nicotinic acid in man. However, the relatively small increase in excretion 
of nicotinic acid compounds following quinolinic acid supplements does 
not entirely account for the extra excretion of nicotinic acid metabolites 
found after tryptophan administration. 
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The participation of molecular oxygen in biological oxidations is catalyzed 
by an enzyme which has been called a variety of names starting with 
Atmungsferment by Warburg (18) to the currently employed term of cyto- 
chrome oxidase proposed by Keilin and Hartree (11). Presumably the 
enzyme functions by first combining with molecular oxygen and then be- 
coming oxidized by it. As first shown by Warburg (19), the enzyme is 
poisoned by carbon monoxide which competes with oxygen for the reduced 
form of the enzyme. Data in the literature on the quantitative aspects 
of this competition are sparse and in poor agreement. We present here 
additional data on this point. 

The reaction of the enzyme with carbon monoxide has been the chief 
means of characterizing it. Warburg and Negelein (22) by an indirect 
method obtained the absorption spectrum of the carbon monoxide complex 
of the enzyme and so obtained evidence that the enzyme was an iron por- 
phyrin compound. However, the positive identification of cytochrome 
oxidase itself with any of the hemochromogen bands to be seen in living 
tissue or its extracts has not been unequivocally achieved. We present 
here results obtained by direct quantitative spectroscopic measurements 
that bear on the nature of cytochrome oxidase and its combination with 
carbon monoxide. 


EXPERIMENTAL 


Manometric Determination of Relative Affinity of CO and O, for Enzyme 
Procedure—The heart muscle preparation described by Ball and Cooper 
(3) has been used as a source of cytochrome oxidase. Measurements of 
oxygen consumption were made at 37.7° by the conventional Warburg 
manometric procedure in the presence of 0.067 m phosphate buffer, pH 
7.37. Sodium succinate and p-phenylenediamine were employed as sub- 
strates at final concentrations of 0.013 and 0.02 m, respectively. Cyto- 
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chrome c was added to all flasks to give a final concentration of 10-5 «. 
The manometric vessels were kept in the dark during the determination, 
_ Gas mixtures of O,, CO, and N2 were prepared in Mariotte bottles by 
displacement over saturated calcium chloride solution. The evacuation 
procedure described by Burris (4) was employed to fill the vessels with 
these gas mixtures. 

At the end of the determination of oxygen consumption (30 minutes), 
samples of the gas phase in the Warburg vessels were withdrawn with a 
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Fic. 1. The effect of O, tension on the rate of oxidation as catalyzed by cyto- 
chrome oxidase. Temperature 37.7°; p11 7.37. Substrates, succinate ( @ ); p-phenyl- 
enediamine (0). 


syringe, via the side arm vent, under saturated sodium acetate. (The gas 
in the side arm vent was replaced by saturated sodium acetate prior to 
the removal of gas samples.) These samples were analyzed for CO and 
QO, by the micromethod of Scholander and Roughton (15, 16). 
Results—In order to obtain the fullest possible range of CO pressures, 
it was first necessary to determine the minimum ©, tension that permitted 
maximum activity of cytochrome oxidase. Manometric measurements 
were therefore carried out with various O.-N, mixtures as gas phase in 
the Warburg vessels, with either succinate or p-phenylenediamine as sub- 
strate. In Fig. 1 are plotted the relative O, uptakes versus the different 
O; tensions, calculated from the analyzed O, content of the gas in the vessels 
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at the end of the run. The activity of the enzyme in air (approximately 
140 mm. of O, tension) is taken as 100 per cent. It is seen from Fig. 1 
that, under the experimental conditions employed, there is little alteration 
in enzyme activity with either substrate until the O, tension falls below 
35 mm. The experiments with CO were, therefore, designed so as to 
employ a gas phase in which the O, tension would always fall within the 
range 35 to 49 mm. (5 to 7 per cent O, content) while the rate of shaking 
the manometers was kept as uniform as possible. We do not attach any 
significance to the finding that 50 per cent activity of the enzyme occurs 
at an oxygen tension of approximately 10 mm., since experimental factors 
in addition to the relative affinity of cytochrome oxidase for oxygen are 
undoubtedly involved in this relationship. 

The effect of CO on the oxygen consumption of the enzyme system was 
then studied with the same substrates. The gas phase for the control 
vessels contained 5.5 per cent O, and 94.5 per cent Ny. The composition 
of the CO mixtures was 5.5 to 6.5 per cent Or», 5 to 94 per cent CO, and Nz. 
The exact composition of the gas phase was determined at the end of each 
run and the CO:O, ratio in the liquid phase calculated as follows: 


CO (liquid) _ CO (gas) | aco 
O; (liquid) O, (gas) ao, 
The ratio of aco to a, was taken as 0.77 at 37.7°. The results obtained 


are given in Table I. From the data we have calculated values for the, 
coefficient k, as defined in the following equation used by Warburg (20). 


CO n 
ky = 0, 
where n is equal to A/Ao, A being the oxygen uptake in the presence of 
CO and’ Ao the uptake in the control O.-N, mixture. We have chosen to 
express the ratio CO:O, as that found in the liquid phase, since this seems 
to us a truer measure of the properties of the enzyme. According to the 
convention adopted by Warburg (20), the term k, signifies that the ratio 
of CO:O, is that existing in the liquid phase; k¢ signifies that this ratio 
is that found in the gas phase. 

The values for k, calculated from our data by this method are given in 
Table I. No appreciable difference in the k, values for succinate and 
p-phenylenediamine were observed. The average of all values is 9.2, with 
a range of 7.2 to 10.9. 

The only k values that we have found in the literature for heart muscle 
cytochrome oxidase are those from Keilin’s laboratory. Using p-phenylene- 
diamine as a substrate, Keilin (10) reports three values for kg at 38.5° of 
13.4, 14.0, and 18.2, and Keilin and Hartree (11) report three values at 
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39° of 28, 11.5, and 6 with added cytochrome c and a value of 21 without 
cytochrome c. Using ascorbic acid as substrate, the latter workers report 
one value for kg of 2.2. Working at 17° with cysteine as substrate, Keilin 
(10) reports ke values of 9.9, 10.1, and 8.3, and, at a similar temperature 
with p-phenylenediamine as the substrate, he reports (10) kg values rang- 


Taste I 
Carbon Monoxide Inhibition of Cytochrome Oxidase 

p-Phenylenediamine 90.5 9.53 0.95 es 
75.2 3.03 3.20 9.7 

61.5 1.60 6.03 9.6 

52.5 1.11 7.77 8.6 

46.0 0.852 10.15 8.6 

39.8 0.662 12.55 8.3 

Succinate 91.0 10.11 1.08 10.9 
87.2 6.82 1.10 7.5 

74.5 2.92 3.50 10.2 

70.2 2.36 3.75 8.8 

63.0 1.70 6.30 10.7 

57.5 1.35 6.42 8.7 

56.0 1.27 7.70 9.8 

55.7 1.26 7.78 9.8 

50.3 1.01 9.10 9.2 

47.0 0.888 9.15 8.1 

47.2 0.894 10.50 9.4 

43.5 0.770 3.7% | 98 

35.8 0.558 13.06 | 7.2 


100 per cent activity = activity in 5.5 per cent O,-94.5 per cont No, and amounted 
to a total O; consumption of 90 to 100 c.mm. per 30 minutes. Temperature 37.7’, 
pH 7.37. L denotes conditions in the liquid phase, assuming solubilities for CO 


and O, equal to their solubilities in H,0. 


* O; = 5.5 to 6.5 per cent in all determinations. 


ing from 3.1 to 7.8. These values from Keilin’s laboratory were all appar- 
ently based upon ratios of CO to O, as determined by the relative volumes 
of the two gases that were mixed. No gas analyses were reported. War- 
burg (20) reports kg values for intact cells of bakers’ yeast at temperatures 
of 20° and 37.5° which range from 4.3 to 13.0 with glucose as a substrate 
and 7.2 to 10.4 with alcohol. Thus the values for kg reported by previous 
workers range from 2.2 to 28. Multiplying these kg values by the factor 
0.77 yields the corresponding k, values. (Temperature affects the solu- 
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bility of CO and O, about equally.) The average value reported by War- 
burg (20) for k, for yeast cells is 7, which is in fair agreement with that 
reported here for heart muscle. 

Spect 

The heart muscle preparation described by Ball and Cooper (3) was 
used as a source of the electron transmitter system for the spectroscopic 
observations to be described. 10 cc. quantities of this turbid preparation 
were centrifuged at 25,000 x g for 1 hour at 2-3° and the nearly clear 
colorless supernatant discarded. The brown pellet was then ground in a 
glass homogenizer of the Potter-Elvehjem type with 5 cc. of an ice-cold 
2 per cent solution of sodium desoxycholate dissolved in 0.05 m glycyl- 
glycine buffer, pH 7.4. The preparation was again centrifuged in the cold 
for 1 hour at 25,000 X g. The supernatant, which was now nearly clear 
and brown in color, was decanted from a small precipitate and used for 
the spectroscopic observations. The sodium desoxycholate employed was 
a commercial preparation. It was purified by precipitation from aqueous 
solution by the addition of HCl. This precipitate was washed with H,O, 
dissolved in 1 N NH,OH, and reprecipitated by the addition of BaCls. 
The barium salt was washed with H,O and dissolved in cold 95 per cent 
ethanol, and the solution centrifuged. The supernatant was treated with 
5 per cent Na,CO; until no more barium carbonate precipitated. The 
mixture was then filtered and the filtrate evaporated to dryness. It should 
be noted that phosphate buffers are not satisfactory for use with desoxy- 
cholate, as they tend to form gels, especially at low temperatures (ef. 
(5)). The desoxycholate preparation so obtained catalyzes the air oxida- 
tion of succinate, reduced diphosphopyridine nucleotide, p-phenylenedia- 
mine, and ascorbate if cytochrome c is added. Without added cytochrome 
¢, the preparation is practically inactive. 

Spectroscopic measurements were made with a Beckman DU model at 
room temperature (23° + 2°). The wave-length scale of the instrument 
was checked against a series of lines of a mercury are lamp. An optical 
cell with a 1 em. light path was employed. This cell was fused to a Thun- 
berg type of cell so as to permit the evacuation and filling of the cell with 
nitrogen or carbon monoxide and the addition of various reducing agents 
in the absence of oxygen. Commercial nitrogen was freed from oxygen 
by passage over hot copper filings. Commercial carbon monoxide was 
employed without further purification. Analysis showed it contained 
99+ per cent carbon monoxide. Identical results were obtained with 
carbon monoxide prepared in the laboratory from concentrated H,SO, 
and formie acid. 

In Fig. 2, representative absorption spectra of this preparation in the 
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visible range wre given. The oxidized form is that observed in the presence 
of air. It shows no outstanding peaks and the general absorption is in 
part an indication of the slight turbidity of the preparation. The addition 
of solid dithionite (Na,S,0,) under nitrogen caused the characteristic bands 
of the cytochromes to appear. In accordance with the nomenclature of 
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Fic. 2. The absorption spectra of the electron transmitter system in the visible 
region. Measurements were made on 3 ec. of solution at 21-23° with a Beckman 
DU model spectrophotometer. The light path was 1 cm. and the slit width 0.06 
mm. from 630 to 660 mg and 0.02 mm. from 460 to 620 mg. Readings were made at 
5 my intervals except at the points of inflection, at which 2 to 3 my intervals were 
employed. The curve labeled ‘‘oxidized’’ was run in the presence of air. The 
curve labeled “‘reduced”’ was determined on the same solution after successive evac- 
uations and flushings of the Thunberg type cell with purified N.. Solid Na.S.0, 
(approximately 5 mg.) was then tipped in from the side arm. The curve labeled 
“reduced + CO” was obtained by successive evacuations and filling of the tube 
containing the reduced solution with CO, care being taken to avoid the entrance 

of air. The pressure of CO during the measurements was 760 + 20 mm. 


Keilin (9), these may be identified as cytochrome a at 605 my, cytochrome 
b at 562 my, with the hump at 552 to 553 my presumably due to cyto- 
chrome c. The band at 525 my is usually attributed to the secondary 
bands of these three compounds. As can be seen from the respective 
heights of the bands, this preparation is low in cytochrome c, most of it 
having been lost during the preparation procedure. It should be noted 
that a solution of soluble cytochrome ¢ shows a sharp peak at 550 my in 
the reduced state when measured by us under identical conditions. The 
admission of carbon monoxide to the reduced preparation causes a charac- 
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| teristic shift. The band at 605 my is lowered and a new band appears 
between 590 and 600 mu. There is also a decrease of absorption at 562 
mu of about the same magnitude as at 605, with a corresponding increase 
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Fig. 3. The absorption spectra of the electron transmitter system in the ultra- 
violet region. Measurements were made under conditions similar to those de- 
scribed for the data in Fig. 2. The slit width was 0.02 mm. from 413 to 480 my and 
0.10 mm. from 370 to 410 my. The solution, total volume 3 cc., was prepared from 
that used for the data given in Fig. 2 by a 10-fold dilution with the desoxycholate- 
buffer mixture. In A the reducing agent was Na.S,O, and the curves were obtained 
under conditions identical to those described in Fig. 2. In B the reducing agent 
was 0.1 cc. of a freshly prepared 0.1 m solution of sodium ascorbate. In this case 
0.02 cc. of a 3.2 X 10-* m solution of cytochrome c was added to facilitate the reduc- 
tion process, which is very slow in the absence of added cytochrome c. The data 
presented have been corrected for this added cytochrome ¢ by subtracting the den- 
sity values obtained on a solution containing only cytochrome c in the same dilution 
and reduced under identical conditions by sodium ascorbate. 


of absorption in the region 530 to 550 my, a maximum occurring at about 
my. 

When succinate is used as the reducing agent, cytochrome b is only 
partly reduced and-the band at 562 my is lower. The effect of CO is, 
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however, identical. If ascorbate is used as the reducing agent, all bands 
except the one at 562 mu appear and on the admission of CO the changes 
described above occur. The difference observed in the absorption spectra 
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Fic. 4. The absorption spectrum of the cytochrome oxidase-CO complex. Curve 
1 is a plot of the data given by Warburg (21) for the CO complex of cytochrome 
oxidase as obtained by his indirect method. Curve 2 is a plot of the values ob- 
tained by subtracting the density readings given in Fig. 2 for the solution reduced 
with Na,S,0, from the same solution in the presence of CO. The same procedure 


has been applied to the data of Fig. 3 except that they have been multiplied by 10 
to make them comparable to those of Fig. 2. 


at 562 my when dithionite, succinate, and ascorbate are used is in keeping 
with the oxidation-reduction potential of the cytochrome b system as de- 
scribed by Ball (1). It should be noted that reduction of cytochrome a 
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occurred very slowly when succinate or ascorbate was used unless cyto- 
chrome c was added. Reduction by dithionite was instantaneous, which 
may be interpreted to mean that cytochrome a can be reduced directly 
by dithionite. 

The absorption spectra observed in the near ultraviolet are shown in 
Fig. 3. Here the same preparation that was used to obtain the data in 
Fig. 2 was employed, except that it was diluted 1:10 with 2 per cent des- 
oxycholate in glycylglycine buffer. The oxidized form shows a single peak 
located at 415 my. Upon reduction with dithionite under nitrogen the 
spectrum shown in Fig. 3, A is obtained. A main peak at 430 mz is clearly 
seen, with shoulders at approximately 420 and 445 my. Upon admission 
of CO this spectrum shifts to yield a curve with a peak centered at 425 
mu. If ascorbate is the reducing agent, then the spectrum given in Fig. 
3, B is obtained. Here a spectrum with peaks at 442 and 415 may is ob- 
served. The admission of CO shifts the peak at 442 my to 425 my with- 
out appreciably altering the position of the other peak. 

From these observations we draw the following conclusions: The band 
at 430 my present in Fig. 3, A but not present in Fig. 3, B is due to reduced 
cytochrome b, since the compound is reduced by dithionite but not by 
ascorbate (cf. Ball (2)). The band at 442 my is due to a compound which 
reacts with carbon monoxide, presumably cytochrome oxidase, as will be 
discussed later. The band at 415 my is in part due to reduced cyto- 
chrome c. 

The spectrum of the reduced preparation may be subtracted from those 
obtained in the presence of CO to yield Curve 2 in Fig. 4. Curve 1 isa 
plot of the data presented by Warburg (21) for the absolute absorption 
spectrum of the CO complex of the Sauerstoffiibertragendes Ferment in the 
intact yeast cell, as obtained by his indirect method. In the vicible region 
both his results and ours yield two peaks located at 590 and 540 to 545 my, 
respectively. In the ultraviolet his results yield a peak at 430 my, while 
ours give a peak of 423 my when dithionite is the reducing agent. If 
ascorbate is employed (not shown), two peaks at 415 and 430 my are ob- 
served. We have no explanation to offer at this time for this difference 
obtained with the two reducing agents, though we have consistently ob- 
served it. Melnick (14), by means of Warburg’s indirect method, has 
measured the relative absorption spectrum of the CO complex of the cyto- 
chrome oxidase of heart muscle. He reports two main peaks in the visible 
region located at 589 and 510 my and a minor one at about 560 mu. 


DISCUSSION 


It perhaps should be emphasized that, unlike values for hemoglobin, 
the values for k calculated here are not true partition constants for the 
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ratio of the affinity of oxygen and carbon monoxide for cytochrome oxi- 
dase. This is because the enzyme exists in both an oxidized and reduced 
state, while CO and QO: are competing only for the reduced form. The 
exact ratio of reduced and oxidized enzyme in any one experiment is un- 
known, and it is possible that it varies from experiment to experiment. 
This aspect has been dealt with in part by Warburg (20) and we will not 
elaborate upon it further. 

The effects of carbon monoxide on the absorption spectra that we have 
observed here are best interpreted, in our opinion, as being due to its re- 
action with the cytochrome oxidase in the enzyme preparation. The curves 
presented in Fig. 4 for the difference between the reduced enzyme prepa- 
ration and its CO complex indicate that we are dealing with a hemochromo- 
gen compound similar to that first described by Warburg (ef. (21)). The 
position of the bands of the CO complex as determined by his indirect 
method on yeast and those observed by us for a heart muscle preparation 
are not only in reasonable agreement, but the relative heights of the three 
bands also bear a similar relationship. The ratio of the heights of the 
two bands (read from zero density) at 423 and 590 my from our data in 
Fig. 4 is 10.0; that from Warburg’s data is 6.9 for the 430 and 589 my 
bands. The ratio of the heights of the bands at 418 and 570 my in CO 
hemoglobin is about 10 (13). 

A calculation of the concentration of cytochrome oxidase in heart muscle 
may also be made by use of the data given in Fig. 4. If the 8 value given 
by Warburg (21) for the CO complex at 589 my of 0.54 X 10° is used and 
applied to our data at 590 my, at which the density difference is 0.034, 
it can be calculated that the concentration of cytochrome oxidase in the 
heart muscle preparation used to obtain the data presented in Figs. 2 and 
3 is 1.45 X 10-* gm. atom of Fe per ce. Now 1 ce. of this solution is 
obtained from 1 gm. of heart muscle, with an over-all enzyme yield of 
about 33 per cent. Hence, the concentration of cytochrome oxidase in 
beef heart muscle can be calculated to be about 4.35 & 10~-*° gm. atom of 
Fe per gm., wet weight. Junowicz-Kocholaty and Hogness (8) give the 
concentration of cytochrome c in beef heart muscle as 191 y per gm., wet 
weight. With a molecular weight of 13,000 for cytochrome c, this is equiva- 
lent to 14.7 X 10-* gm. atom of Fe per gm. The ratio of the concentra- 
tion of cytochrome ¢ to cytochrome oxidase iron in beef heart muscle is 
thus 3.4. 

A turnover number for cytochrome oxidase in this heart muscle prepa- 
ration may now be calculated. The activity of the original enzyme prepa- 
ration used in this work was 421 ¢.mm. of OQ, per hour per 0.1 cc. of enzyme 
at 37.1° and pH 7.4 with succinate as substrate and cytochrome c added 
in excess. With p-phenylenediamine as substrate the corresponding value 
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was 436 ¢.mm. Since this original solution was one-half as concentrated 
as the desoxycholate suspension, it contained 0.725 <X 10-* gm. atom of 
cytochrome oxidase Fe per cc. From these values it can be calculated 
that 1 atom of cytochrome oxidase iron turns over about 4500 molecules 
of oxygen per minute under the conditions described. Green (7) gives 
turnover values of 8000 and 2000 per minute for heart flavoprotein and 
p-amino acid oxidase, respectively. In this connection the question of 
the turnover number of cytochrome c in relation to cytochrome oxidase 
is of interest. For each oxygen molecule turned over by cytochrome oxi- 
dase there will be required the turnover of 4 molecules of cytochrome c. 
The calculations made above, however, showed that cytochrome c iron 
was 3.4 times as abundant as cytochrome oxidase iron in heart muscle. 
The turnover rate of cytochrome c need, therefore, be only of the same 
order of magnitude as that of cytochrome oxidase in order for it not to be 
a limiting step in the over-all oxidation process. The same reasoning may 
also be applied to cytochrome a and its turnover rate. It would appear 
from the data presented in Fig. 2 that reduced cytochrome oxidase accounts 
for, at most, not more than 20 per cent of the band centered at 605 muy. 
If the remainder of this band is due to a hemochromogen with similar 
absorption coefficients, then the concentration of cytochrome a is of the 
order of 4 times that of cytochrome oxidase and its turnover rate need 
only be of the same magnitude as cytochrome oxidase. Indeed, it may 
even be suggested that the reduced hemochromogen absorbing at 605 my 
is a complex composed of 4 iron porphyrin rings in close juxtaposition, 
only 1 of the reduced iron atoms out of each 4, however, being capable of 
reacting with oxygen or carbon monoxide. Upon reaction of 1 of the iron 
atoms with oxygen all 4 might then become oxidized to the ferric form, 
with the simultaneous reduction of 1 molecule of oxygen to 2 molecules 
of water. 

The derived data plotted in Fig. 4 give a clue as to the absorption spee- 
tra of cytochrome oxidase itself. The troughs where this curve dips below 
the zero axis may be taken to represent the points of maximum absorption 
of cytochrome oxidase. These troughs reach a maximum at 605, 560, 
and 445 mu, respectively. Thus the two bands of cytochrome oxidase 
at 605 and 560 my overlap and are masked by absorption due to cyto- 
chromes a, b, and c. The other band of cytochrome oxidase is, however, 
clearly distinguishable by direct observation, as is shown in Fig. 3, B when 
ascorbate was used as the reducing agent. In Fig. 3, B this peak occurs 
at 442 mu. It would appear that this peak corresponds to the one at 
448 my observed in heart muscle by Keilin and Hartree (12), which they 
found shifted to 432 my in the presence of CO. They attributed this 
peak to what they chose to call cytochrome a; rather than cytochrome 
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oxidase, for reasons mentioned by them. They also observed the appear- 
ance of a band in the presence of CO at 590 mu, though their method of 
visual observation did not apparently permit them to detect a concomitant 
decrease in intensity of the band at 605 my. Straub (17), using a heart 
muscle preparation treated with sodium cholate, observed an absorption 
band at 443 mu, which shifted to 430 my in the presence of CO. He also 
observed the appearance of a band centered at 590 my and the simultane- 
ous decrease of the band at 605 my upon admission of CO. Eichel et al. 
(6) record a band centered at 440 my in a heart muscle preparation treated 
with desoxycholate, which they assign to reduced cytochrome oxidase. 
They did not study the effect of CO on this band. The band observed 
by Keilin and Hartree (12) in an untreated heart muscle preparation thus 
lies 5 to 8 my toward the visible region as compared to the band found 
by those employing a preparation treated with bile salts. There is no 
such discrepancy between the observations of Keilin and Hartree and those 
of other workers in relation to the location of the other bands in the heart 
muscle preparation. Moreover, we have not been able to observe any 
change in the spectrum of reduced cytochrome c dissolved in a 2 per cent 
desoxycholate solution. This may mean that cytochrome oxidase is more 
intimately coordinated than the other hemochromogens with the phos- 
pholipides in this enzyme complex (ef. (3)), since it is presumably by re- 
acting with these components that the bile salts effect their clarifying 
action. 

In conclusion, we are of the opinion that the cytochrome a; of Keilin 
and Hartree (12) and cytochrome oxidase are the same compound. One 
of the outstanding reasons for Keilin and Hartree’s hesitation to identify 
the band observed by them at 448 my with reduced cytochrome oxidase 
was their inability to demonstrate its appearance by the addition, under 
anaerobic conditions, of reduced cytochrome c. There is no question in 
our minds that cytochrome c is not only capable of reacting with the 
compound under discussion, but that it is essential for its reduction. This 
conviction is based upon the fact that the absorption band observed at 
442 my in our preparation appears extremely slowly under anaerobic con- 
ditions with either succinate or ascorbate as reducing agent. The addi- 
tion of a small amount of cytochrome c greatly accelerates the appearance 
of this band by these compounds. 


SUMMARY 


1. The competition of CO and O, for the cytochrome oxidase of a prepa- 
ration of beef heart muscle has been studied manometrically by observing 
the degree of inhibition of the oxidation of succinate and p-phenylenedia- 
mine at varying CO:O, ratios. The relative affinity of the enzyme for 
O» is on the average 9.2 times that for CO under the conditions employed. 
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2. Direct spectroscopic observations on the reaction of carbon monoxide 
with cytochrome oxidase have been made on a beef heart preparation dis- 
persed by means of sodium desoxycholate. Absorption peaks at 590, 
545, and 423 my appear in the presence of CO and are assigned to the car- 
bon monoxide complex of cytochrome oxidase. A concomitant decrease 
in absorption occurs at \ 605, 560, and 445 mu. These bands are assigned 
to cytochrome oxidase itself. The two bands in the visible region are 
masked by absorption of other cytochrome components, but a band cen- 
tered at 442 my is clearly visible by direct inspection. 

3. Calculations made from the extinction coefficient observed indicate 
that the concentration of cytochrome oxidase in beef heart muscle is of 
the order of 4.35 X 10-* gm. atom of Fe per gm., wet weight. The con- 
centration of cytochrome c is 3 to 4 times this value. 

4. The turnover number for cytochrome oxidase in the preparation 
studied is calculated to be 4500 molecules of O, per minute at 37° and pH 
7.4 with either succinate or p-phenylenediamine as substrate. 
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THE DETERMINATION OF XANTHINE DEHYDROGENASE IN 
CHICKEN TISSUES* 
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A manometric method for the determination of xanthine dehydrogenase 
was developed in order to apply it (1) to a study of the effect of diet on 
the concentration of this enzyme in chicken tissues. Previous studies 
(2, 3) have indicated either that dietary folic acid decreased the level of 
this enzyme in chicken liver or that a deficiency of folic acid allowed the 
enzyme concentration to increase above “normal” values. Irrespective of 
mechanism, the difference between the liver ‘‘xanthine oxidase”’ levels in 
the presence and absence of dietary folic acid was 2- to 3-fold when the 
enzyme activity was measured by the amount of uric acid formed from 
xanthine. This latter method was used for determining the liver enzyme 
activity in both of the studies in which dietary folic acid was found to 
have a major effect, but no testing of the method itself has ever been 
reported. 

The uric acid method for the determination of xanthine dehydrogenase 
was questioned as a result of two developments: the discovery that the 
“xanthine oxidase” of bird tissues was essentially a dehydrogenase (4) 
which should theoretically form little uric acid from xanthine by the aerobic 
procedure used, and the finding that the effect of dietary folic acid was 
much smaller than was previously reported when the enzyme activity was 
measured by the manometric procedure (1). The two general techniques 
were therefore compared, with the following conclusions. (1) The en- 
zyme in chicken liver that oxidizes hypoxanthine and xanthine to uric 
acid is essentially a dehydrogenase rather than an oxidase when the evi- 
dence is based on uric acid formation as well as on oxygen consumption. 
(2) Small amounts of urie acid are formed aerobically from xanthine by 
incubation with chicken liver homogenates, but differences in enzyme con- 
centration are incorrectly exaggerated by this procedure because there is 
not a direct proportionality between enzyme activity and uric acid forma- 
tion. (3) Urie acid formation can be made to reflect the enzyme 
concentration accurately by carrying out the reaction aerobically with 
xanthine in the presence of methylene blue. 


* This study was aided by a grant from the American Cancer Society upon recom- 
mendation of the Committee on Growth of the National Research Council. 
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EXPERIMENTAL 


Manometric Determination of Xanthine Dehydrogenase—The manometric 
procedure previously utilized for the determination of xanthine oxidase in 
rat liver (5) had to be modified before it could be applied to the estimation 
of this enzyme in chicken tissues. The addition of xanthine or hypoxan- 
thine substrate to the respiring homogenate gave very little increase in the 
oxygen consumption, irrespective of when the substrate was added, due to 
the fact that the enzyme present in bird tissues could remove hydrogen 
from the substrate but could not readily pass the hydrogen to oxygen to 
give an additional oxygen uptake. This difficulty was overcome by adding 
methylene blue to all Warburg flasks. Since methylene blue acted as a 
hydrogen acceptor for the enzyme and since it was autoxidizable, the 
activity of the enzyme was thereby translated into an increased oxygen 
consumption. 

The procedure used was the following. The tissue was homogenized 
with an appropriate amount of 0.04 m phosphate buffer, pH 7.4, and 1.7 
cc. of the homogenate were placed in each of a pair of Warburg flasks. 
0.15 ec. of 0.0113 m methylene blue was added to both, and 0.15 cc. of 
0.05 m hypoxanthine dissolved in 0.05 m NaOH was placed in the side arm 
of one of the flasks. Water was added to a total volume of 2 cc. 0.2 ce. 
of 10 per cent KOH and a filter paper were put in the center well. After 
a 10 minute equilibration period at 38° and an additional 10 minute pre- 
liminary reading, the substrate was tipped in. Readings were made every 
10 or 20 minutes and the enzyme activity was calculated as the net oxygen 
consumption in the hypoxanthine-containing flask. The endogenous oxy- 
gen consumption in the absence of added substrate was small at the dilu- 
tions used for the enzyme determination, but it was determined routinely 
in these studies, nevertheless. 

Table I summarizes the average results of numerous experiments in 
which the enzyme activity in liver, kidney, intestine, and pancreas was 
determined by the procedure described on each tissue homogenate at the 
various dilutions listed. The homogenates were also centrifuged at maxi- 
mum speed for 30 minutes in the high speed attachment of an International 
refrigerated centrifuge at 0-2° (approximately 30,000 X g), and the analy- 
ses were repeated on the supernatants. In addition, a known amount 
of partially purified xanthine dehydrogenase from chicken liver was added 
to both the crude homogenates and the high speed supernatants, and the 
total activity was again measured. 

The xanthine dehydrogenase activity per unit weight of tissue increased 
with dilution of the homogenate, but reached a fairly constant value in the 
more dilute homogenates. The high speed supernatants gave higher ac- 
tivities than the homogenates from which they were obtained when the 


latter were concentrated. With higher dilutions the supernatant had about 
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The localization of this en- 


zyme in the supernatant fraction was similar to the distribution of xanthine 
The constant maximum value obtained with 


oxidase in rat liver (6). 


TaBLe I 
Determination of Xanthine Dehydrogenase in Chicken Tissues 
Original homogenate maemo from high speed centrifugation 
Se- 
ries). | Activi Total |Enzyme| Activity 
N Activi — Ac 
Liver 
I 1:8 50 05.5 | 28 100 0 
1:12 61 86 28 98 12 78 111 29 120.5 9.5 
1:24 87 61.5 | 28 80.5 | 19 129 91.5 | 29 114 22.5 
1:62 | 137 37.5 | 28 63 25.5 | 137 37.5 | 29 64.0 | 26.5 
1:125 | 151 20.5 | 28 47.5 | 27 140 19.0 | 29 48 29 
II | 1:80 40 8.5 | 21.5) 31 22.5 | 37.6 8.2 | 21.5 28.6 | 20.4 
1:120 36.5 5.2 21.5 | 26.5 | 21.3) 35.6 4.8 21.5) 28.7 | 23.9 
Kidney 
I} 1:20 36 30.5 | 25 48 17.5 | 42 36 
1:40 44 18.5 | 25 43 24.5 45 19 
1:60 48 13.5 | 25 35.5 | 22 46 13 
1:80 56 12 25 36.5 | 24.5 49 10.5 
1:100 | 50 8.5 | 25 36.5 | 28 53 9 
II | 1:40 37.4 16 21.5| 37.6 21.6 37.4) 15.8) 21.5 | 39.3 | 23.5 
1:60 42.2; 12 21.5 31.9; 19.9 41.2) 11.7 21.5) 33.4 21.7 
Intestine 
1:10 9 15 26 29.5 14.5 | 14 24 26 42.5 | 18.5 
1:20 13.5} 11.5 | 26 32.5 | 21 16.5 | 14 26 39.5 | 25.5 
1:30 17.5 | 10 26 33 23 18.5; 10.5 | 26 37.5 | 27 
1:40 19 S 26 33 25 20 8.5 | 26 35 26.5 
II 1:20 10 8.5 21.5 29 20.5 13.8) 12.4 | 21.5 31.5) 19.1 
1:30 11.8 6.6 21.5; 28.9 22.3 15.4 8.7 21.5 29.6 20.9 
Pancreas 
I} 1:10 12 20 27 36 16 16 28 27 44 16 
1:20 13 11 27 25.5 | 14.5 | 21 18 27 32 14 
1:30 14 8 27 22 14 20 11 27 31 20 
II; 1:20 6.6 5.8 | 21.5) 19.3 | 13.5) 11.4 9.7 24.7 | 15.0 
1:30 8.0 4.5 21.5' 18.4 13.9 12 6.9 19.6 25.8 18.9 


Xanthine dehydrogenase activities are recorded in c.mm. of Os consumed per 


20 minutes. 
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whole homogenates at high dilutions could be obtained with the super- 
natants at somewhat lower dilutions. Added enzyme could not be re- 
covered quantitatively in homogenates of low dilution, but could be re- 
covered when the dilution was in the range at which the constant maximum 
value was also obtained. 

Apparently these homogenates contained something which tended to 
decrease the rate of reaction of the enzyme; the effect of this inhibitor could 
be eliminated by “diluting it out” or by centrifuging a somewhat less 
dilute homogenate at approximately 30,000 x g for 30 minutes and de- 
termining the enzyme in the supernatant. Enough enzyme was present 
in liver and kidney so that it could be determined in these tissues at dilu- 
tions of 1:80 and 1:60 respectively without serious interference from 
this inhibition effect. With intestine and pancreas the enzyme determi- 
nation could be made on the high speed supernatant of a 1:20 homogenate, 
with satisfactory results for intestine. Results with these three tissues 
were considered accurate within 10 to 15 per cent. Values for pancreas 
were minimum but useful for comparative purposes. The addition of 
purified catalase to the dilute liver homogenates had no effect on the 
xanthine dehydrogenase activity. 

The enzyme in all these chicken tissues was essentially a dehydrogenase, 
since the net oxygen uptake in the absence of methylene blue was only a 


small fraction of that obtained in its presence. No significant amount of 


xanthine dehydrogenase was detected in chicken spleen, lung, brain, heart, 
or breast muscle. 

Uric Acid Formation; Liver Homogenates—The livers used were obtained 
from chicks maintained on various diets (1) to produce varying xanthine 
dehydrogenase levels. For each liver analyzed, four pairs of Warburg 
vessels were prepared to contain 1.7 ec. of a 1:80 liver homogenate (0.04 m 
phosphate buffer, pH 7.4) in each flask. 0.15 cc. of 0.0113 m methylene 


blue was placed in two pairs, and 0.15 cc. of xanthine (6.7 um) was added | 


to the side arm of one pair of flasks containing methylene blue and to 


another pair of flasks without methylene blue; water was added to a total _ 


volume of 2 cc. in all flasks. The center well contained 0.2 ec. of 10 per 
cent KOH on a filter paper. All eight flasks were allowed a 10 minute 
equilibration period at 38° before the zero reading was made. At zero 
‘ime one member of each pair of flasks was cooled in ice water, the con- 
tents mixed, and a | cc. aliquot was immediately measured into 15 ec. of 
water and deproteinized by the addition of 2 ce. of 10 per cent sodium 
tungstate and 2 ec. of 0.66 nN H,SO,. These preparations served as blanks. 
At zero time, the substrate was also tipped in to those flasks remaining 
in the bath, and oxygen consumption measurements were made with all 
four flasks for a total of 60 minutes. These flasks were then cooled in 
ice water, and 1 ce. aliquots from each flask were deproteinized as described. 
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Uric acid concentrations in the filtrates were determined by the method 
of Folin (7). In agreement with previous studies (8), 85 to 90 per cent 
of the uric acid added to such liver homogenates could be recovered. 
Methylene blue did not interfere in the uric acid determination because 
it was effectively removed with the protein precipitate; refiltration was 


TaBLe II 


Uric Acid Formation from Xanthine and Hypozanthine by Chick Liver Homogenates 
in Presence and Absence of Methylene Blue 


O, uptake and uric acid formed, measured in micromoles per flask per hour. 


Uric acid formed fresnianiovorng (Plus methylene 
methyiene ue 
Eaperiment No. blue No methylene | Plus methylene acid formed 
blue blue No ~ |Uric acid = 
6.7 wm xanthine substrate 
1 (0.56 | 0.06 1.50 25 1.33 
2 0.80 | 0.08 1.94 24 1.20 
3 0.89 0.11 2.12 19 1.19 
4 1.07 0.14 2.22 16 1.03 
5 1.16 0.17 2.66 16 1.14 
6 0.41 4.23 10 1.10 
6.22 um hypoxanthine substrate 
1 0.85 0.26 0.33 
2 103 | 0.58 0.56 
3 1.11 | 0.72 | 0.65 
4 1.65 —0.04 0.88 0.53 
5 2.40 0.06 1.51 23 | 0.63 
6 | 2.75 0.01 2.08 208 0.76 
7 | 4.00 0.02 3.56 178 0.89 


. The theoretical amount of uric acid that could be formed from the oxygen 
consumed is twice the latter with xanthine substrate and equal to the latter with 
hypoxanthine. 


used when necessary to obtain a colorless filtrate. No uricase could be 
detected in chicken liver homogenates; catalase was present. 

The difference between the amount of uric acid found in the zero time 
blank and in the corresponding flask of each pair after 1 hour incubation 
was correlated with the oxygen consumption registered during this period. 
The results from the oxidation of xanthine by chicken liver homogenates 
are shown in Table II. The endogenous oxygen consumption in the pres- 
ence or absence of methylene blue and the total oxygen consumption with 
xanthine substrate in the absence of methylene blue were too small for 
accurate measurement. The small amounts of uric acid formed in the 
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absence of xanthine substrate were not subtracted from the net values 
obtained with added xanthine, because the uric acid formation from en- 
dogenous substrates was also a result of the enzyme action and would be 
included in the oxygen consumption. 

The results in Table II show that small amounts of uric acid were formed 
from xanthine in the absence of methylene blue, but 10 to 25 times as 
much was formed in its presence. The small aerobic effect of the homog- 
enate could be a characteristic of the enzyme itself or could be due to the 
presence of a suitable hydrogen acceptor in the homogenate. Partial puri- 
fication of the enzyme removed most of this aerobic effect, but did not 
eliminate it completely. The addition of pyruvate, which can serve as a 
hydrogen acceptor for xanthine and hypoxanthine in rat liver and 
kidney slices (8), did not increase the uric acid formation by chick liver 
homogenates. 

Increasing amounts of uric acid were formed with increasing enzyme 
activities, and the relationship between oxygen consumption and uric acid 
formation was reasonably constant when both were measured in the pres- 
ence of methylene blue. However, uric acid formation in the absence of 
methylene blue did not bear a constant relationship to the enzyme activity. 
A 2-fold increase in enzyme activity, as measured by oxygen consumption 
or uric acid formation in the presence of methylene blue, was represented 
as approximately a 3-fold increase by the procedure in which uric acid 
formation in the absence of methylene blue was measured. 

Similar experiments were performed with hypoxanthine substrate and 
the results are also shown in Table II. Uric acid formation from hypoxan- 
thine in the absence of methylene blue was nil, due to the fact that the very 
small amount of aerobic activity of the enzyme in the homogenate was 
utilized in forming xanthine. The amount of uric acid formed from hy- 
poxanthine in the presence of methylene blue was much less than could 
theoretically be formed from the oxygen consumed, and a good linear 
relationship between enzyme activity and uric acid formation was not 
obtained because of the accumulation of xanthine during the reaction. 
The amounts of xanthine, hypoxanthine, and uric acid present in the flask 
at the end of a 1 hour incubation with liver homogenates were calculated 


and found to be similar to the values shown later for the purified enzyme — 


reaction. 

Partially Purified Enzyme—Chicken livers were homogenized with water 
and fractionated with ammonium sulfate. The precipitate obtained be- 
tween 30 and 60 per cent saturation was refractionated between 33 and 58 
and 35 and 55 per cent saturated ammonium sulfate. The final precipitate 
was dialyzed and tested at various dilutions by the previous techniques. 
Enough catalase was present in the preparation to prevent the accumula- 
tion of hydrogen peroxide. 
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Taste III 
Uric Acid Formation from Xanthine and Hypozanthine by Partially Purified Chicken 
Liver Xanthine Dehydrogenase 
O; uptake and uric acid formed, measured in micromoles per flask per hour. 
Uric acid formed | (Plus methylene blue) 
Experiment No. | Lene | — Uric acid formed 
6.7 um xanthine substrate 
0.49 | 0.90 0.92 
2 0.89 : 0 1.89 | 1.06 
3 2.14 0 | 4.62 | 1.08 
4 3.30 0.05 7.20 1.09 
5 4.55 0.02 
6 9.11 0.14 
7 45.5 0.95 
8.21 um hypoxanthine substrate 
l 2.32 1.40 0.60 
2 3.84 2.73 0.71 
3 6.50 5.63 0.86 
12.32 um hypoxanthine 
1 
2 0.67 | | 0.07 | 0.10 
3 1.11 0.200 | 0.18 
4 | 1.92 0.45 0.23 
5 | 2.63 0.87 | 0.33 
6 | 3.35 | 1.24 0.37 
7 | 3.61 | 1.84 0.51 
8 | 6.79 | «4.73 0.70 
a 
z 
3 


Fic. 1. The amounts of hypoxanthine, xanthine, and uric acid present at the end 
of 1 hour aerobic incubation of hypoxanthine substrate in the presence of methylene 
blue with varying amounts of xanthine dehydrogenase. 
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The results are summarized in Table III, and are quite similar to the 
results obtained with the whole homogenates. The only major difference 
was the very small amount of uric acid formed from xanthine by the puri- 
fied enzyme in the absence of methylene blue. The chicken liver enzyme 
has very little oxidase activity. Whether or not a highly purified enzyme 
would react directly with oxygen at all is being studied. There is no 
indication that a dismutation of 2 molecules of xanthine into hypoxanthine 
and uric acid takes place to any significant extent. 

The amount of xanthine that accumulated in the reaction during the 
oxidation of hypoxanthine was calculated from the oxygen consumption 
in excess of that required for the formation of the uric acid found. The 
hypoxanthine remaining was the difference between the starting value and 
the uric acid plus xanthine formed. The quantities of all three substances 
present in the flask at the end of 1 hour incubation with varying amounts 
of purified liver xanthine dehydrogenase have been plotted in Fig. 1. 
The early accumulation of xanthine in the reaction medium and the slowly 
increasing rate of uric acid formation as the reaction progresses are evident. 

DISCUSSION 


The dehydrogenase rather than oxidase nature of the enzyme in bird 
tissues raises the question of the mechanism of uric acid formation in vivo. 
This is a major metabolic transaction in the bird because so much nitrogen 
is excreted as uric acid. Available evidence indicates that xanthine dehy- 
drogenase is involved in converting the purines, which are synthesized from 
simpler nitrogenous compounds, into uric acid (9). The hydrogen re- 
moved in this process either could be passed through the cytochrome chain 
or could possibly be transferred to another substrate in a coupled reaction. 
Even if a trace of oxidase activity is eventually shown to be present in the 
enzyme, it seems improbable that the enzyme would function as an oxidase 
in vivo. Already at a 1:6 dilution, the coupled process with either the 
cytochromes or another substrate is largely lost, and the enzyme exhibits 
only a small proportion of the activity of which it is capable in the presence 
of an added hydrogen acceptor. 

SUMMARY 

A manometric oxygen consumption method for the determination of 

xanthine dehydrogenase in chicken tissues was developed by using methyl- 


ene blue as an autoxidizable hydrogen acceptor for the enzyme. 
Small amounts of uric acid were formed from xanthine by chicken liver 


homogenates in the absence of methylene blue, but 10 to 25 times as much , 


was formed in its presence. Partial purification of the enzyme removed 
most of the aerobic action of the enzyme. 
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Urie acid formation from xanthine could be used to estimate the xan- 


thine dehydrogenase activity of chicken liver, provided methylene blue 
was present during the reaction. 


The rate of formation of xanthine and uric acid from hypoxanthine was 


determined. 
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THE EFFECT OF DIET ON XANTHINE DEHYDROGENASE IN 
CHICKEN TISSUES* 


By CHARLES REMY anp W. W. WESTERFELD 


(From the Department of Biochemistry, State University of New York, Medical College 
at Syracuse University, Syracuse, New York) 


(Received for publication, June 21, 1951) 


A study of the effect of diet on the concentration of xanthine dehydro- 
genase in chicken tissues was considered desirable for a number of reasons. 
Previous studies on the rat showed the dramatic way in which the dietary 
content of several factors was reflected by changes in the xanthine oxidase 
activity of the liver and intestine (1). Extending such observations to an 
entirely different species was not only of interest in itself, but the problem 
assumed added importance when it was recognized that the enzyme present 
in chicken tissues is fundamentally a dehydrogenase rather than an oxidase 
(2). As such it is a different kind of enzyme or only a part of the xanthine 
oxidase complex found in rat liver and other mammalian tissues (2, 3). 

Three main dietary relationships were studied: (1) a deficiency of folic 
acid, (2) the effect of a low protein diet, and (3) a comparison of a purified 
high and a low protein diet with similar diets containing liver residue. 
Keith et al. (4) first reported, and it was later confirmed (5), that diets 
containing an adequate amount of folic acid gave decreased amounts of 
xanthine oxidase in chicken livers when these values were compared with 
those obtained on diets deficient in folic acid. By contrast, rat liver xan- 
thine oxidase was unaffected by variations in folic acid intake (1). The 
effect of a low protein diet was studied in chickens because of the very 
marked loss of xanthine oxidase produced in rat liver and intestine by 
protein deprivation (1). Similarly, a comparison between diets adequate 
and those deficient in the liver residue factor was made because of the 
effect that this unidentified constituent had in increasing or maintaining 
high levels of this enzyme in rat liver and intestine, particularly in the 
latter (1). 

The results have shown that the dietary response of this enzyme in the 
chick is qualitatively as well as quantitatively different from that of the 
rat. A low protein intake decreased the starting enzyme concentration 
in chick liver, had no effect on the kidney, prevented its deposition in the 
pancreas, and allowed it to be deposited in the intestine. A folic acid 
(FA) deficiency gave high concentrations of xanthine dehydrogenase in 

* This study was aided by a grant from the American Cancer Society upon recom- 
mendation of the Committee on Growth of the National Research Council. 
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liver, had no effect on kidney or pancreas, and prevented the deposition 
of this enzyme in the intestine when the protein intake was adequate. 
Liver residue had no pronounced effect on the concentration of xanthine 
dehydrogenase in any of the chick tissues. 


EXPERIMENTAL 


Two independent but interrelated experiments are described in which 
groups of 2 to 3 day-old male New Hampshire red chicks were placed on 
various diets for periods ranging from 1 to 6 weeks. Eight or nine chicks 
were analyzed at the start of each dietary experiment to provide the initial 
levels, and similar groups from each of the diets were analyzed at the 
intervals given with the results. The total weights of the liver, kidney, 
and pancreas, as well as the weight of a segment of the intestine extending 
from the gizzard to the middle of the first sharp loop around the pancreas, 
were obtained at autopsy. Samples of these tissues were analyzed for 
total solids by drying and reweighing. These tissues were also analyzed 
for xanthine dehydrogenase by the manometric procedure previously de- 
scribed (6), in which the net oxygen consumption with hypoxanthine sub- 
strate was measured in the presence of methylene blue. The Warburg 
flasks contained 1.7 cc. of the tissue homogenates in phosphate buffer, 
diluted as follows: liver 1:80, kidney 1:60, pancreas and intestine 1:20. 
The pancreas and intestinal homogenates were centrifuged at approxi- 
mately 30,000  g for 30 minutes, and the supernatants were used for the 
enzyme determination. Xanthine dehydrogenase activities have been re- 
corded in ¢.mm. of O, per 20 minutes per 100 mg. of fresh tissue. 

In Experiment I the purified diet described by Keith et al. (4) was varied 
in protein content, FA, and liver residue. In Experiment II this same 
diet was supplemented with 5 y per cent of vitamin By, and 400 mg. per 


cent of additional choline and then varied similarly. The protein content 
of the various diets is shown in the tabulation. All liver residue (LR) 

42% protein with LR = 25% casein + 10% gelatin + 7% LR protein 

35% sé = 20% + 8% + 7% sé 

14% sé = 5% + 2% + 7% 

35% sé = 25% sé 4 10% és 

= 15% + 6% * 

14% = 9% + 5% 


diets contained 10 per cent liver residue, which is 70 per cent protein 
(N X 6.25), substituted for starch, or for starch plus casein and gelatin, 
to give the total protein concentrations listed. In both experiments one 
group of chicks was fed Purina Startena, and in Experiment IT an addi- 
tional group was fed this commercial chick starter supplemented with 
200 y per cent of FA. 
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Results 


The results of the two experiments are recorded in Tables I and II. 
Since the addition of vitamin B,: and more choline in Experiment II did 
not alter the results with those diets that were repeated, the two experi- 
ments are considered comparable. Calculating the enzyme activities on 
a dry weight basis did not alter the comparative results or the conclusions, 
and those detailed data have been omitted. The total amount of enzyme 
deposited in the liver has been recorded in Tables I and II; for the other 
tissues these values can be calculated from the data (xanthine dehydro- 
genase activity X total weight X< 10). 

Starting body weights for all groups in Experiment I averaged between 
35 and 40 gm. and in Experiment II between 44 and 52 gm. Growth 
curves showed approximately equal growth rates for the group fed chick 
starter and liver residue containing 42 per cent protein. Slower growth 
was obtained on the purified 35 per cent protein diet containing FA, while 
very slow weight gains were registered by the groups fed inadequate pro- 
ten orno FA. The effect of dietary protein in increasing the FA require- 
ment was evident from the high mortality in the group fed high protein 
but no FA; chicks fed low protein without FA survived. Because of this 
effect the final high protein-zero FA groups in Experiment II had to be 
sacrificed earlier than originally planned in order to make the enzyme 
measurements before the group succumbed to a FA deficiency. 

Liver—The concentration of xanthine dehydrogenase in the liver was 
relatively high at the start of the diets, and it was kept fairly constant in 
both experiments on the chick starter diet. This level was increased some- 
what by the purified 35 per cent protein diet containing 200 y per cent of 
FA and by the 42 per cent protein diet containing 200 7 per cent of FA and 
liver residue. Both of these diets gave the same results, from which it can 
be concluded that the 35 per cent protein was adequate for a normal re- 
sponse and that liver residue was not needed by the chick for this response. 
The diet adequate in protein but containing no FA consistently gave higher 


enzyme levels. Similar high values were obtained with 10 y per cent FA, 


and this response to FA deficiency was not altered by liver residue. This 


_ confirms previous findings with respect to the effect of FA (4, 5), but the 


increase in the absence of FA is in the range of 50 to 100 per cent, not 200 
to 300 per cent. The larger effect of dietary FA reported previously (4, 5) 
was due to the use of a method which exaggerated differences in enzyme 
concentration (6). While the commercial chick starter diet gave slightly 


_ lower values than the purified diet, the addition of FA to the starter did 


not depress the level further. The difference between the starter and 
purified diets may be a protein effect, since the starter contained only 21 
per cent protein. 
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I 
Effect Produced by Different Diets on Chick Tissue Xanthine Dehydrogenase in Experiment I 


* Xanthine dehydrogenase activity in c.mm. of O; consumed per 20 minutes per 100 mg. of fresh tissue (mean + standard error). 


Mean percentage dry weights: liver 27.3; kidney 22.0; intestine 18.4; pancreas 24.7. 
Total XDA is given as activity in c.mm. of O: consumed per 20 minutes by the entire liver. 


activities on a dry weight basis did not alter the comparative results. 
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TaBLe II 
Effect Produced by Different Diets on Chick Tissue Xanthine Dehydrogenase in Experiment II 


Mean percentage dry weights: liver 26.9; kidney 21.4; intestine 17.9; pancreas 
activities on a dry weight basis did not alter the comparative results. 
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A low protein diet markedly decreased the concentration of xanthine 
dehydrogenase in chicken liver. The presence or absence of dietary FA 
and liver residue had no effect on this response. The 21 per cent protein 
diet (containing 6 per cent gelatin) was also protein-deficient by this cri- 
terion and less adequate than the 21 per cent protein in the starter. The 
more striking effect of protein depletion on liver xanthine oxidase in the 
rat (1) may be due to the lower protein concentration in the diet used for 
the rat studies. 

When the total amount of enzyme deposited in the liver is considered, 
the decreased concentration on a low protein diet could be recognized as a 
dilution of the starting enzyme by the slow growth of new enzyme-free 
tissue. As additional protein was fed in the diet, the new tissue contained 
increasing amounts of the enzyme because the total amount increased 
along with the growth of the liver. Dietary protein seemed to be the 
major factor determining the total amount of liver enzyme deposited, and 
FA had little effect on this response at any level of dietary protein. This 
suggests that during a FA deficiency with adequate protein this liver 
enzyme was synthesized at a faster rate than some other liver constituents, 
so that the total amount deposited was “normal,” while a decreased rate 
of growth of the liver gave an abnormally high unit concentration. FA 
deficiency apparently did not interfere with the synthesis of liver xanthine 
dehydrogenase while inhibiting the synthesis of some other liver constitu- 
ents. Dietary liver residue tended to increase the rate of growth of the 
liver and, thereby, the total amount of enzyme deposited. 

Kidney—tThe starting level of kidney xanthine dehydrogenase was not 
altered appreciably by the chick starter diet with or without added FA. 
The starting concentration was also retained unchanged by the low pro- 
tein diets, whether or not the latter contained FA or liver residue, but the 
total amount deposited was smaller during protein restriction. The re- 
sults with the 35 per cent protein diet with or without FA were generally 
higher than the starting values, but they were somewhat erratic and there 
was no clear cut effect of FA deficiency on the concentration or the total 


amount of this enzyme deposited in kidney. Maximum kidney values — 


were obtained on a liver residue diet adequate in protein but deficient in 
FA, and liver residue generally tended to give the maximum rate of devel- 
opment of the total kidney enzyme. 

Intestine—Intestinal xanthine dehydrogenase started at low levels in 
Experiment I, and increased about 3-fold on chick starter and all the diets 
containing both adequate protein and FA simultaneously. It also in- 


creased with the protein-deficient diet, but remained low on the 35 per , 


cent protein-zero FA intake. In Experiment II the starting value was 
much higher, approaching the levels eventually attained in Experiment I, 
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and was not affected by any of the diets excepting the 35 per cent protein, 
zro FA diet. This high protein intake in the absence of FA reduced the 
enzyme concentration to low values in conformity with its action in Ex- 
periment I in preventing any increase in the low starting values. 

The response of the intestinal enzyme, therefore, is determined by the 
simultaneous intake of protein and FA. With a low protein intake, the 
FA content of the diet is unimportant, and “normal’’ levels of intestinal 
xanthine dehydrogenase are obtained in the presence or absence of FA. 
These diets also allowed a reasonable increase in the total intestinal enzyme. 
With a high protein intake normal levels of intestinal xanthine dehydro- 
genase are alsé obtained when the diet supplies FA simultaneously, but 
this enzyme is not deposited or retained in this tissue in the face of a high 
protein intake without FA. Similar conclusions can be drawn from a 
comparison of the total amount of intestinal enzyme deposited. A low 
protein diet gave more total intestinal enzyme than did a high protein diet 
without FA, but neither was as good as a high protein diet with FA. The 
results would seem to indicate that the intestinal enzyme is not maintained 
in a severe FA deficiency, which is intensified by a high protein intake, 
while a low protein diet does not precipitate a severe FA deficiency by 
this criterion. Even on a high protein intake the presence of 10 y per 
cent of FA in the diet is nearly adequate for this response, though it does 
not give a maximum growth response. Presumably the liver residue sup- 
plied enough FA for this intestinal response when added to the high pro- 
tein diet without FA. There was no indication of an effect from the liver 
residue factor itself on the concentration or total amount of enzyme de- 
posited in the intestine. 

The chicken intestinal enzyme responded in a quite different manner 
to these diets than did the liver enzyme. While a low protein diet de- 
pleted the liver enzyme, it allowed the intestinal enzyme to increase to 
normal levels, and this response with both tissues was obtained irrespec- 
tive of dietary FA. A high protein intake without FA increased the liver 
enzyme to maximum levels, but reduced the intestinal enzyme to minimum 
values. The response of chick intestinal xanthine dehydrogenase was also 
in marked contrast to the response of rat intestine xanthine oxidase. In 
the rat, dietary FA was without effect, a low protein diet had opposite 
effects in the two species, and liver residue had a very great influence on 
the intestinal enzyme only in the rat (1). 

Pancreas—The concentration of xanthine dehydrogenase in pancreas was 
low at the start of both experiments, and it was increased 2- to 3-fold by 
Low protein diets prevented 
any significant increase in concentration, but enough enzyme was deposited 
with the newly formed tissue to maintain the low starting concentration 
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as the pancreas increased in size. More total enzyme was deposited with 
higher protein intake, but the pancreas was not particularly sensitive to 
protein since the starter diet gave a maximum response. Neither liver 
residue nor FA had any large consistent effect on the concentration of the 
enzyme in this tissue when they were added to either the low or the high 
protein diets. 

DISCUSSION 


The results obtained in this study are more consistent with the concept 
that a deficiency in FA gives unusually high levels of xanthine dehydro- 
genase in chick liver rather than with the idea that dietary FA depresses 
the activity of normal amounts of the enzyme. Folic acid did inhibit 
purified chicken liver xanthine dehydrogenase in vitro, presumably because 
of the presence of 6-pteridylaldehyde in the folic acid. However, dietary 
FA did not decrease the level of enzyme in the kidney, pancreas, or intes- 
tine, and was actually required for its deposition in the intestine when the 
protein intake was high. It is possible that effective amounts of inhibitor 
are formed from dietary FA only in the liver, but there was no inhibition 
from FA on a low protein diet or when it was added to the commercial 
starter. The levels of liver xanthine dehydrogenase obtained on the starter 
and all the diets containing adequate protein plus FA were in the same 
general range as the chicks at the start of the diet or adult chickens se- 
lected at random. In the absence of any positive evidence indicating an 
inhibitory effect of FA in vivo, it seems reasonable to consider the levels 
of liver enzyme obtained in the presence of FA as “‘normal,’’ and the levels 
resulting from a FA deficiency as abnormally high. 


SUMMARY 


Chicks were fed diets that varied in protein, folic acid, and liver residue _ 


for 1 to 6 weeks, and xanthine dehydrogenase was determined in the liver, 
kidney, pancreas, and intestine. 

A low protein diet decreased the enzyme concentration in the liver in 
the presence or absence of FA. With an adequate protein intake a FA 
deficiency gave abnormally high levels of liver enzyme. The total amount 
of enzyme deposited in the liver was determined primarily by dietary 
protein, and FA had little effect by this criterion at any level of dietary 
protein. 

Normal levels of intestinal xanthine dehydrogenase were obtained on 
low protein diets with or without FA, and on high protein diets only with 
FA. A FA deficiency was intensified by a high protein intake on the basis 
of the response of the intestinal enzyme and survival of the chicks. 

The level of kidney xanthine dehydrogenase was not altered appreci- 
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ably by variations in dietary protein or FA. The enzyme concentration 
in the pancreas was low with an inadequate protein intake, but was not 
affected by dietary FA. 

Dietary liver residue was without much effect on this enzyme in any 
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SIZE OF DOSE AND ACETYLATION OF AROMATIC AMINES 
IN THE RAT 


By THOMAS R. RIGGS ano D. MARK HEGSTED 


(From the Department of Biochemistry and Nutrition, Tufts College Medical School, 
the Department of Nutrition, Harvard School of Public Health, and the Department 
of Biological Chemistry, Harvard Medical School, Boston, Massachusetts) 


(Received for publication, July 7, 1951) 


Pantothenic acid, a portion of the coenzyme A molecule (1), must be 
supplied in the diet for normal acetylation of p-aminobenzoic acid (PAB) 
(2) and of sulfanilamide (3) by the rat. Only at certain test levels of 
PAB, however, is pantothenate deficiency reflected by decreased acetyla- 
tion (4). The present communication extends the study of the relation 
between acetylation and size of dose over a wide range and emphasizes 
the necessity of selecting the dosage of a test substance in relation to the 
body weight of the animal. The onset of pantothenate deficiency as 
measured by decreased acetylation has also been shown to vary greatly 
with the size of the rat. 


EXPERIMENTAL 


Male albino rats of the Sprague-Dawley strain were maintained on a 
purified diet (2) and studied for their ability to acetylate intraperitoneal 
doses of aromatic amines, as estimated by the percentage of aromatic 
amine excreted in bound form in 24 hour urines under conditions described 
previously (2). The male rabbit employed was of unknown strain. It 
was maintained on a purified diet (cf. (5)) containing 56 per cent sucrose, 
20 per cent vitamin-free casein, 5 per cent corn oil (Mazola), 15 per cent 
cellulose (Cellu flour), 4 per cent Salts 4 (6), and the following vitamins 
per 100 gm.: a-tocopherol 7.5 mg., thiamine chloride 400 y, riboflavin 
800 y, pyridoxine chloride 400 7, calcium pantothenate 2500 y, nicotinic 
acid 20 mg., choline chloride 200 mg., inositol 10 mg., and menadione 75 +. 
In addition, 1 drop of haliver oil was given by mouth every 3 days. Pan- 
tothenie acid analyses on the urines of the rats were made by the method 
of Hoag, Sarett, and Cheldelin (7). 

To calculate the quantity of PAB acetylated by an animal in 24 hours, 
it was assumed that the PAB not excreted within 24 hours was conjugated 
to the same extent as that recovered (ordinarily around 80 per cent). 
This assumption appeared justified because of the observed independence 
of the results on the amount of the PAB dose recovered during the 24 


hour period. 
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Weanling rats of about 40 gm. showed decreased acetylation of PAB 
(1 mg. dose) almost immediately after the removal of pantothenate from 
their diet (Table I). Olson and Kaplan (8) showed that animals of this 
size retained normal coenzyme A levels in their livers for 2 weeks of de- 
ficiency; then the levels fell gradually to 35 to 40 per cent of normal. In 
contrast to the smaller animals, 100 gm. rats showed a decline in acetyla- 
tion in 10 days, while 280 gm. animals continued with normal acetylation 
for 6 weeks or more before a gradual decrease began. It would be ex- 
pected that the older rats would require a longer depletion period. How- 
ever, the excretion of pantothenate in the urine of the large rats fell toa 


Tas.e I 
Effect of Size of Rat upon Rate of Onset of Pantothenic Acid Deficiency As Measured 
by Acetylation of 1 Mg. Doses of p-Aminobenzoic Acid 


Normal Pantothenic acid-deficient 
Series Me, Average No. of Per cent Average No. of Per cent 
om. 
1 40 6 47 + 2.9 2 37 12 43 + 0.7 
1 10 42 6 31 + 3.0 
1 79 6 53 + 1.6 17 53 5 30 + 2.0 
2 2 124 6 60 + 1.2 
2 10 154 6 56 + 3.3 
3 116 4 60 + 2.2 14 117 6 48 + 3.6 
3 136 4 63 + 3.8 17 123 6 49 + 1.0 
4 280 10 69 + 1.4 17 296 3 73 + 0.8 
4 45 297 3 67 + 0.9 
4 | 56 328 5 58 + 0.8 


* Per cent bound + the standard error of the mean. 


constant level of a few micrograms per day immediately after withdrawal | 


of the vitamin from the diet. Acetylation of PAB and urinary panto- 
thenate excretion showed no correlation. 

Earlier results showed that the extent of the acetylation of PAB by a 
rat weighing 100 to 175 gm. decreased as the amount of PAB was increased 
(4). The data of Table I indicate that acetylation depends upon the size 
of the rat also. The relation between size of dose and acetylation has now 
been extended to animals over a wide range of size, with results plotted 
in Fig. 1. In this plot of 154 observations, the z axis is the PAB injected 
and the y axis the PAB acetylated, both expressed in mg. per kilo of body 


weight. The data were obtained on animals ranging from 39 to 350 gm., | 


with doses from 0.5 to 10 mg. The correlation between these two factors 
has a coefficient of 0.93. The relationship could not be represented ade- 


quately by a straight line. Up to a dosage of roughly 5 mg. per kilo the 
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acetylation was approximately 75 per cent complete, but, as the dosage 
was increased, acetylation gradually fell to about 40 per cent. Acetylation 
above 75 to 80 per cent was never observed under any circumstances. 


(Based on |OO% Excretion) 


PAB ACETYLATED, MG/KILO 


i i A 


0 20 40 60 


PAB DOSE, MG PER KILO 
Fic. 1. The relationship between size of dose and total p-aminobenzoic acid 
acetylated by normal rats. A regression line having the equation y = 0.44z + 0.9 
has been drawn. As pointed out in the text, this line does not describe the relation- 
ship adequately. Per cent acetylation can be calculated for any given dose per 
kilo as y/z X 100. 


II 
Constant Extent of Acetylation of PAB by Rabbit and of Sulfanilamide by Rat over 
Ranges of Low Dosage 
Species Test substance Average weight | Dose of amine | |, Per cent, 
gm. mg. per kg 

Rabbit PAB 1545 16.2 76 
1704 6.0 72 
1470 1.7 72 
Rat Sulfanilamide 178 70.5 62 
223 28.2 75 
333 18.2 74 
= 135 9.3 74 
357 3.5 76 


With doses of sulfanilamide up to 28 mg. per kilo in the rat and with 


_ doses of PAB up to 16 mg. per kilo in the rabbit, the acetylation did not 


rise above about 75 per cent with decreasing size of dose (Table II). The 
fall in the acetylation at very high dosages in these cases is evident from 
studies reported (9-14, 3). The uniform acetylation observed in these 
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two cases over the lower dosages supports the view that low doses of PAB 
are also acetylated to a uniform extent by the rat. Pantothenate-de. 
ficient rats showed decreased acetylation of sulfanilamide at all dosages 
tested (3 to 20 mg. per kilo). 


The ability of the rat and rabbit to carry acetylation to a maximum of 
only 75 to 80 per cent completion is in contrast to man’s ability to acety- 
late small doses of PAB completely (15). The observed limitation in the 
extent of acetylation is important in the study of influences of various 
substances upon acetylation. If the PAB dose is so small that the animal 
acetylates it maximally, stimulatory effects of an administered substance 
would not be observed. Charalampous and Hegsted (16), for example, 
observed that alloxan-diabetic rats, but not normal rats, were stimulated 
to increased acetylation by the administration of certain members of the 
tricarboxylic acid cycle or of high energy phosphate compounds. They 
administered 1 mg. of PAB to 300 gm. rats, which was acetylated 75 to 
80 per cent by the control animals. Following the administration of 26 
mg. of PAB per kilo, aspartate produced a substantial increase in the 
acetylation by the rat (17). 

The liver of a 40 gm. rat is estimated to be 6.5 per cent of its weight 
(18), that of a 300 gm. rat, 4.5 per cent. The fact that both animals 
acetylate a given dose of PAB per kilo of body weight to the same extent 
means that liver size is not a dominant factor in determining the extent of 
acetylation. 

Whereas the depressing effects of pantothenate deficiency upon acetyla- 
tion are best observed at low dosages, certain stimulating effects may be 
best demonstrated at high dosage levels of aromatic amines. 


SUMMARY 


1. The quantitative relationship between the size of dose of p-amino- — 
benzoic acid and the extent of its acetylation has been developed in detail. | 
2. Young growing rats showed decreased acetylation almost immediately — 
upon withdrawal of pantothenate from their rations, whereas older animals | 


continued to acetylate PAB to a normal extent for 2 months or so. 


3. The acetylation of PAB or of sulfanilamide by the rat, or of PAB | | 


by the rabbit, did not exceed 75 to 80 per cent under any conditions ob- 
served. Stimulatory effects probably cannot be observed when metabolic 
acetylation is already at this maximum. 
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METABOLIC CONJUGATIONS OF p-AMINOBENZOIC 
ACID IN THE RAT* 
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The acetylation of p-aminobenzoic acid (PAB) (2) and of sulfanilamide 
(3) by the rat has been shown to depend upon an adequate supply of 
pantothenic acid, a constituent of the coenzyme A molecule (4). In 
addition the extent of acetylation is decreased by giving large amounts 
of PAB with reference to the size of the animal (5, 6) and to a smaller 
extent by a deficiency of riboflavin (5). The present communication 
emphasizes an additional complexity in this acetylation. Whereas acetyl 
conjugation represents the major metabolic change of sulfonamides (7), 
aromatic amines containing a carboxyl group may also be conjugated with 
glycine to form the corresponding hippuric acid derivatives, a reaction 
which has had considerable study recently in the case of PAB (8-11). 
This reaction yields p-aminohippuric acid (PAH) from PAB, or acetyl- 
PAH if conjugation occurs at both functional groups. In the present 
investigation we have found that PAH is acetylated by the rat at a rate 
different from PAB. Therefore the total amount of PAB acetylated de- 
pended on the rate at which it was conjugated with glycine before it was 
acetylated. Any factors which modified the extent of glycine conjugation 
also modified the extent of acetylation. All such factors must be con- 
sidered when PAB is used as a test substance for assaying pantothenate 
deficiency in animals. Conversely, factors which modified the extent of 
acetylation were found to modify glycine conjugation. The resultant of 
these interrelationships was that a nearly constant proportion of adminis- 
tered PAB was conjugated in at least one position under a number of 
divergent conditions. 

EXPERIMENTAL 

Methods—Male albino rats were maintained on purified diets and stud- 
ied for their ability to acetylate intraperitoneal doses of the test aromatic 
amines as reported previously (2). Conjugation of the PAB molecule 
with glycine was measured in the urines of the rats by the Bratton and 


Marshall method (12) after separation of the PAB from PAH by ether 
extraction (8, 9). By extraction of the PAB both before and after acid 


* A preliminary report of part of this work has been presented (1). 
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hydrolysis, the free and acetylated forms of PAB and PAH could be 
separated and measured (Table I). Values for the two PAB forms were 
calculated as the difference between total aromatic amine and PAH. The 
brief hydrolysis with 0.2 nN hydrochloric acid did not significantly affect 
the amide linkage of PAH. The separation was found to be satisfactory 
after a single ether extraction instead of the two recommended by Cohen 
and McGilvery (8, 9), when an empirically determined correction of 8 
per cent for PAB not extracted by ether was used. 


TaBLeE I 
Separation of p-Aminobenzoic Acid from p-Aminohippuric Acid in Rat Urine by 
Ether Extraction 
The values are averages of analyses on three samples (Experiment 1) or two 
samples (Experiment 2). Two ether extractions were made in Experiment 1, only 
one in Experiment 2. 


Experiment No. Free PAB Free PAH Acetyl-PAB | Acetyl-PAH 
7 7 
l Present in urine 10 54 65 24 
Added to urine 50 96 | 
Total calculated 60 10 65 24 
‘* found 60 139 | 74 24 
Recovery, % 100 93 114 100 
2 Present in urine 13 117 SS 19 
Added to urine 23 118 78 28 
Total calculated 36 235 166 47 
“found 37 235 184 48 
Recovery, % 103 100 111 102 
Results 


After the administration of PAB or one of its three derivatives (acetyl- 
PAB, PAH, or acetyl-PAH), all four of the compounds appeared in the 
24 hour urine samples of the rat (Table II). The only exception was 
observed after the administration of small doses (35 to 90 um per kilo) 
of acetyl-PAB, when no acetyl-PAH was found. This suggested that 
the rat could not attach glycine to PAB once the acetyl group had been 
added. With larger doses of acetyl-PAB, a small amount of glycine con- 
jugation was observed, perhaps through deacetylation and subsequent 
PAH formation from the free PAB thus formed. An enzyme deacetylat- 
ing acetyl sulfonamides has been reported (13). If the acetyl group did 
block glycine conjugation, then any glycine conjugation of PAB must 
have preceded acetylation. 

Whenever the acetylation of administered PAB was decreased (as with 
increased dose, or in pantothenic acid deficiency), there was an accom- 
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panying increase in the total PAH formed (Table II). This indicated 
that the acetylation of PAB inhibited PAH formation, and the decreased 
acetylation allowed increased glycine conjugation. This inhibition ap- 
peared to be a direct competition for conjugation of the PAB with glycine 
at the carboxyl group against conjugation with acetate at the amino group. 


TaBLeE II 
Interconversion of p-Aminobenzoic Acid, p-Aminohippuric Acid, and Their Acetyl 
Derivatives in Normal Rats 
The values represent the per cent of the total urinary PAB present in the form 
indicated. One trial was made on each rat except in Groups 3, 10, and 13 in which 
two trials were made on each rat. Groups 11 to 17 were pantothenic acid-deficient. 


| Double 
Test compound Dose tion | 
Total | Acetyl-| Total | Free Acetyl-| Free 
acetyl PAB | PAH PAH PAH | PAB 
| — per cent per cent per cent per cent per cent per cent 
1 PAB 39 6 67 51 44 28 16 5 
2 - 94 6 53 38 4 38 15 9 
3 as 188 24 49 39 49 39 10 12 
4 # 362 6 48 3 54 45 9 12 
5 PAH 51 6 45 , 16 75 46 29 9 
6 - 150 6 30 13 80 63 17 7 
7 Acetyl-PAB 38 6 83 83 10 10 0 7 
8 ws 139 6 4 87 10 3 7 3 
9 ” 205 6 92 85 10 3 7 5 
10 Acetyl-PAH 228 12 4 21 76 3 73 3 
ll PAB 41 | 6 55 | 38 | 82 | 35 | 17 | 10 
12 - 86 3 40 32 58 50 8 10 
13 ws 204 24 35 29 57 51 6 14 
l4 PAH 73 6 32 17 73 59 15 10 
15 ” 171 6 23 10 82 69 13 8 
16 Acetyl-PAB 88 6 88 8s 8 8 0 4 
17 10 | 6 | 6 9| 2] 7] 8 


When one conjugation was decreased, the other conjugation was increased 
in such a way that a nearly constant proportion of the PAB was conju- 
gated in at least one position. Either of two sums showed a considerable 
degree of constancy: (a) total acetylated PAB plus free PAH; or (6) total 
PAH plus acetyl-PAB. Either of these gives the percentage of PAB con- 
jugated in at least one position. On the other hand, the sum of the per 
cent total acetylation and the per cent total glycine conjugation (counting 
twice the twice-conjugated PAB) or the sum of the forms of PAB con- 
jugated only once was much less constant. 
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The data of Table II show that this reciprocal relationship existed after 
administration of either PAB, PAH, or their respective acetyl derivatives, 
and that about 91 per cent of the PAB was excreted in a conjugated form 
and 9 per cent remained free. This relation also held in thiamine, ribo- 
flavin, and pantothenic acid deficiency as well as in normal rats. | 

The demonstration of this relationship was extended by selectively de- 


Taste III 


Effect of Benzoate, Salicylate, Glycine, or Aspartate Administration on Conjugation 
of PAB by Normal and Pantothenate-Deficient Rats 


administered EAB | Total | 

normal 
rats 

gm. | Per per cent |per cent |per cent| per cent 

Normal Benzoate 365 344 | 21.2) 6 79 28 71 110 
- - 73 223 | 164 3 59 44 50 | 123 
9s - 438* 269 | 148 3 64 13 60 | 131 
Pantothenate- e 365 307 | 24.1) 3 77 23 68 | 107 

deficient 
“ a 73 190 | 192 6 52 44 47 | ill 
” ° 365 246 | 148 6 66 18 58 | 135 
as Salicylate 365 302 | 122 6 68 19 60 | 136 
Normal Glycine 365 254 | 146 6 63 51 42 | 129 
o “365 + 352 | 104 6 53 54 38 96 
benzoate 73 

s Glycine 2000 252 | 145 2 62 56 40 | 127 
8000T 306 | 119 2 66 36 54 | 
a Aspartate 365 191 | 191 6 + 58 45 | 45 | 123 
Pantothenate- | Glycine 365 230 | 161 6 47 57 30 98 
deficient * 1825 307 | 119 6 45 63 28 90 


* 365 um of benzoate at —1 hour, 73 um of benzoate at 0 hour, intraperitoneally. 
t Glycine given orally, 4000 um at —2 hours, 1000 um each at —1, 0, 1, and 2 hours. 


creasing glycine conjugation. When either benzoate or salicylate was 
given along with the PAB, PAH formation was decreased owing to com- 
petitive removal of glycine. This in turn was accompanied by an increase 
in acetylation and hence the unconjugated PAB again remained close to 
9 per cent (Table III). When sufficient benzoate or salicylate was given, 
even pantothenate-deficient rats acetylated PAB to an extent greater 
than that shown by normal, untreated rats. On the other hand, adminis- 
tration of glycine increased acetylation rather than glycine coupling (Table 
III), possibly by a conversion of glycine to active acetate (14, 15). Simul- 
taneous administration of glycine and benzoate balanced the effects of 


} 


T. R. RIGGS AND H. N. CHRISTENSEN 


either given alone. Aspartate also increased acetylation of PAB when 
the latter was given at doses that did not produce maximum acetylation 
(Table III). This effect has been discussed elsewhere (6). Large doses 
of benzoate decreased acetylation of PAH, but glycine administration 
failed to alter the conjugation of doses of acetyl-PAB or of PAH. 

Sulfanilamide was tested as a control compound which forms conju- 
gates only at the amino group. Administration of large amounts of ben- 
zoate or salicylate decreased its acetylation, again suggesting that glycine 
may contribute acetate for the acetylation of aromatic amines. Hip- 
purate was without effect on the acetylation of sulfanilamide. 

A more extensive evaluation of the competitive relationship in PAB 
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Fic. 1. The relationship between acetylation and glycine conjugation of p-amino- 
benzoic acid by the rat. The two axes represent the per cent of the excreted PAB 
that was present in each of the two forms. 


conjugation is shown in Fig. 1, which is a plot of 159 points taken at ran- 
dom from among nearly all of the conditions studied (varying dosage, 
the three vitamin deficiencies, after PAB, PAH, acetyl-PAB, or acetyl- 
PAH, after glycine, and after benzoate). These points show a correlation 
coefficient of —0.97, and the slope of the regression line is —0.96, or, 
within the experimental error, that of a 45° angle. This means that 
the competition is almost exactly inversely proportional; that is, a change 
in the conjugation of one functional group by 1 per cent will result in an 
inverse change in the other by 1 per cent. The z and y axes are inter- 
sected at 89 and 93 per cent respectively, or an average of 91 per cent 
of the PAB became conjugated at one functional group or the other. 
This does not mean that acetylation approached 91 per cent under circum- 
stances in which there was minimum glycine conjugation (e.g., benzoate 
injection; Table III). In confirmation of our earlier conclusions (6), there 
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appeared to be an upper limit of about 75 to 80 per cent acetylation that 
the rat failed to exceed under any circumstances. 


A considerable variety of factors and substances has now been observed 
to alter the acetylation of aromatic amines in various species. The factor 
of dose size has been decisive in demonstrating the depressing effect of 
pantothenate deficiency (5) and the stimulating effect of aspartate ad- 
ministration (6). The present study emphasizes those factors which alter 
acetylation by their effect on the concomitant glycine conjugation of 
PAB. 

Glycine administration has already been shown to increase the acety- 
lation of sulfanilamide in the rat (16) and of PAB in the rabbit (17). The 
failure of glycine injection to stimulate PAH formation is in contrast to 
its effect on hippurate formation from benzoate (18). The effect of ben- 
zoate and salicylate on PAB conjugation is undoubtedly due to the 
depletion of the available glycine. The removal of glycine from the organ- 
ism by benzoate administration has been frequently demonstrated (18-20). 
Christensen, Streicher, and Elbinger (21) showed a major diminution of 
the level of free glycine in the livers of guinea pigs receiving sodium ben- 
zoate. Not only do salicylate and benzoate inhibit glycine conjugation 
of PAB, but high doses of PAB inhibit the glycine conjugation of benzoate 
and salicylate in man (22). This inhibition is not overcome by glycine 
feeding. 

Acetylation seemed to be the dominating reaction in the conjugation 
of the PAB molecule, since the extent of acetylation dropped with in- 
creasing dose size (the normally expected response), while the extent of 
glycine conjugation increased with increasing dose, an abnormal response. 
Furthermore, once acetylation has occurred, glycine conjugation appears 
to be blocked. Because of this dominance, PAB remains a suitable test 
substance for assaying pantothenate deficiency, as long as factors which 
may influence glycine conjugation are kept in mind. 


SUMMARY 


1. PAH has been shown to be acetylated less extensively by the rat 
than PAB. 

2. The administration of PAB or any of its three metabolic conjugates, 
acetyl-PAB, PAH, or acetyl-PAH, led to the excretion of all four forms, 
except that a limitation was observed for the conversion of acetyl-PAB 
to acetyl-PAH. 

3. A competition has been demonstrated between acetyl and glycine 
conjugation of PAB, such that an almost constant proportion of 91 per 
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cent of the PAB was conjugated in at least one position. The reciprocal 
relation between the two conjugations was brought out, on the one hand, 
by depressing the acetylation by giving large doses of PAB or by pro- 
ducing pantothenate deficiency, and, on the other hand, by depressing 
glycine conjugation by administration of benzoate or salicylate along with 
PAB. Glycine administration stimulated acetylation rather than glycine 
conjugation. Large doses of benzoate or salicylate depressed the acety- 
lation of sulfanilamide. 

4. Acetylation of PAB by pantothenic acid-deficient rats could be in- 
creased above normal when benzoate or salicylate was used to decrease 
PAH formation. 
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By D. R. SANADI® anv J. W. LITTLEFIELD* 


(From the Institute for Enzyme Research, University of Wisconsin, Madison, 
Wisconsin) 


(Received for publication, June 22, 1951) 


Acetylation of sulfanilamide has been reported in a system consisting 
of pyruvate, pyruvic oxidase of pigeon breast muscle, coenzyme A, and 
pigeon liver acetone powder extract (1). No adenosinetriphosphate (ATP) 
was required for the reaction. With pyruvic oxidase preparations of bac- 
terial origin pyruvate gives rise to acetyl phosphate, or, in the presence of 
condensing enzyme and oxalacetate, to citrate (2). When transacetylase 
of C. kluyvert is used as the acceptor system, acetyl phosphate is formed 
by the pigeon breast muscle enzyme also.' These observations indicate 
the formation of an “active” acetyl intermediate during pyruvate oxida- 
tion. This paper is concerned with the occurrence of a similar “active” 
succinyl intermediate in a-ketoglutarate oxidation. 

Results 


a-Ketoglutarate Oxidation—The method for assay of the soluble a-keto- 
glutaric oxidase, with 2,6-dichlorophenol indophenol as the oxidant, is 
similar to that of Haas (3). The rate of oxidation was proportional to 
enzyme concentration over a wide range, and the reaction was found to 
be first order with respect to indophenol until more than 70 per cent of the 
dye was reduced.2 The maximum velocity at infinite indophenol concen- 
tration (V‘max.) determined by the method of Lineweaver and Burk (4) 
was 6.5 times the velocity at the concentration used in the assay. The 
pH optimum of the reaction was between 6.2 and 6.4. 

Although the same rate is observed in their absence, magnesium ion, 
phosphate, and diphosphothiamine were added routinely. Malonate had 
no effect on the rate, and succinate was not oxidized in this system. Co- 
enzyme A concentrates, diphosphopyridine nucleotide, triphosphopyridine 
nucleotide, or serum albumin had no stimulating effect. Flavin dinucleo- 


* Fellow of the National Cancer Institute, National Institutes of Health, United 
States Public Health Service. 

1 Private communication from Dr. John Gergely and Dr. Priscilla Hele. 

? Under the conditions of the assay, especially pH 6.8, the rate of reoxidation of 
the reduced dye by air was negligible, as calculated by Dr. J. Gergely. This is in 
confirmation of the results of Haas (3). 
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tide (25 per cent pure) prepared by adsorption on Florisil and partition 
chromatography® gave consistent inhibition of about 50 per cent, while 
diaphorase (5) inhibited about 20 per cent. 
Taste I 
Succinylation of Sulfanilamide 


sulfanil sulfanib 

Additions Additions amide 

pearing | 4 
None 0 KG + PL 6 
Oxidase, 0.1 ml. 0 Oxidase + PL + ATP I 
a-Ketoglutarate (KG), 5 om 0 = + KG + PL ' 85 
Pigeon liver enzyme (PL), 0.3 ml. 
Oxidase + KG oO « | PL + suecinate =i 
+ + + | 21 


+ PL 
| 


All tubes contained sulfanilamide (96 7), diphosphothiamine (100 7), cysteine 
(10 wm), catalase (0.25 unit), MgCl, (5 um), coenzyme A (20 y of bound pantothenic 
acid), and NaHCO, (3 um) in 1.0 ml. The mixtures were incubated 90 minutes at 
37° in 13 mm. test-tubes and then deproteinized with 4 volumes of 5 per cent tri- 
chloroacetic acid. Free sulfanilamide was determined in the filtrate. The pigeon 
liver acetone powder extract was dialyzed for 12 to 18 hours against 0.01 m NaHCo,, 


Taste Il 
Requirements for Succinylation System 


| Free Free 

pearing 

7 7 
Complete system (CB No diphosphothiamine 50 
No coenzyme A 0 | ** magnesium chloride —«€#B 
eysteine 7 catalase 32 


The complete system contained sulfanilamide (96 4), diphosphothiamine (100 7), 
cysteine (10 um), catalase (0.25 unit), MgCl. (5 wm), coenzyme A (20 7 of bound 
pantothenic acid), NaHCO, (3 um), a-ketoglutarate (5 ym), pigeon liver enzyme 
0.3 ml., and oxidase in 1.0 ml. Inecubated 90 minutes at 37°. 


Succinylation—When a-ketoglutarate oxidation was coupled with the 
sulfanilamide “acylation” system from pigeon liver (6), a considerable 
fraction of the added sulfanilamide disappeared (Table I), and succinyl 
sulfanilamide was formed. Malonate did not inhibit the reaction. The 
components of the succinylation system are shown in Tables I and II. 


* Dimant, E., Sanadi, D. R., and Huennekens, F. M., in preparation. 
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Coenzyme A, as well as cysteine, was essential for the reaction, and catalase 
increased the rate. Sulfanilamide disappearance was proportional to coen- 
syme A concentration until the reaction was limited by the pigeon liver 
enzyme (Fig. 1). Three preparations of coenzyme A, ranging in purity 
from 0.5 to 7.0 per cent pantothenic acid,‘ gave comparable results. The 
half saturation level of coenzyme A (as pantothenic acid) seemed to vary 
slightly with different preparations, perhaps because certain forms of bound 
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CO A(AS ¥ PANTOTHENIC ACID) 


Fic. 1. Experimental conditions as in Table II except for coenzyme A concen- 
tration. 


pantothenic acid that are active in the acetate-ATP assay may be inactive 
in the succinylation system. 

Addition of ATP was not required for succinylation; in fact, it inhibited 
the reaction significantly (Table I). None of the pigeon liver enzymes 
prepared so far have caused sulfanilamide disappearance, starting with 
succinate and ATP. This does not necessarily exclude the reaction, es- 
pecially since Teply and Rogers® have obtained several preparations which 

* The purified samples of coenzyme A were kindly supplied by Dr. F. M. Strong. 

* Private communication. We are indebted to Dr. L. J. Teply and Miss W. D. 
Rogers for their help with the preliminary experiments on succinylation with 4-ami- 
noazobenzene instead of sulfanilamide. 


ulfanib 
amide 
disap 
praring 

6 

19 
55 
35 

18 

21 
steine 
henic 
tes at 
t tri- 
igeon 
ICO,. 
Free 
lfanib 
disap- 
ng j 

| 
53 

32 
Wy), | 
zyme 
the | 
able | 
‘inyl 
The 
1 Il. 


acetylated sulfanilamide, starting with pyruvate and pyruvic oxidase but 
not with acetate and ATP. 
The rate of decrease in free sulfanilamide was proportional to time for 


DECREASE IN SULFANILAMIDE Y¥ 


200 400 600 800 1000 
OXIDASE IN¥ 
Fic. 2. Experimental conditions as in Table II except for oxidase concentration 


Tasie III 
Separation of Activities by Isoelectric Precipitation | 


Indophenol | Succinylatica 


13.5 3.33 


The rates are calculated as micromoles of a-ketoglutarate per hour per mg. of 
protein. 


90 minutes and to oxidase concentration at low levels of the enzyme 
(Fig. 2). At high levels of oxidase the pigeon liver enzyme again limited 
the reaction. The assay of succinylation activity of a-ketoglutaric oxidase 
preparations was carried out at two or more oxidase concentrations on the 
initial linear part of the curve, a blank without a-ketoglutarate being 
included in each case. The maximum velocity at infinite concentration 
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D. R. SANADI AND J. W. LITTLEFIELD 687 
of sulfanilamide (V* nes.) was 2.2 times the rate at the level used in routine 


assay. 

The a-ketoglutaric oxidase from pigeon breast muscle was fractionated 
by precipitation at pH 5.8 in 0.01 m phosphate solution. The supernatant 
solution had low indophenol but high succinylation activity, while the 
precipitate had high indophenol but low succinylation activity (Table ITI). 
The rates are expressed in terms of a-ketoglutarate disappearance after 
correction to maximum velocities (V‘max. aNd V'mox.). 


EXPERIMENTAL 

a-Ketoglutaric acid was supplied by the Nutritional Biochemicals Cor- 
poration, catalase by the Worthington Biochemical Laboratory, snd di- 
phosphothiamine by Merck and Company, Inc. The biuret reaction (7) 
was used for protein analysis and the diazotization procedure (8) for sulfa- 
nilamide assay. 

Soluble a-Ketoglutaric Oridase—A particulate enzyme preparation is ob- 
tained by precipitation at pH 5.4 of a phosphate extract of washed pigeon 
breast muscle (9). After this suspension is frozen and thawed repeatedly, 
the coagulated protein is removed by centrifugation at 18,000 xX g for 
30 minutes. The supernatant contains an active a-ketoglutaric oxidase 
(1). A similar preparation can be made from pig heart muscle. 

Assay of Oxidase—The reduction of 2,6-dichlorophenol indophenol is 
measured in a Beckman spectrophotometer at 600 my. The reaction is 
started by adding the enzyme to a mixture of a-ketoglutarate (20 um), 
magnesium chloride (20 um), diphosphothiamine (200 7), phosphate (200 
uu), and the dye in a final volume of 3.0 ml. at pH 6.8 at 30° (initial optical 
density 0.400). The blank correction is determined in an identical manner, 
except that a-ketoglutarate is omitted from the reaction mixture. Read- 
ings are taken at half minute intervals for 3 minutes, the change in optical 
density being practically linear for 2 minutes. A decrease of 0.010 in the 
optical density for the Ist minute corresponds approximately to 0.1 um 
of a-ketoglutarate oxidized per hour. 

Isolation of Succinyl Sulfanilamide—The reaction mixture was set up as 
in Table I but on a larger scale with 150 ml. of pigeon liver extract. Of 
the added 600 um of sulfanilamide over 200 um disappeared in 80 minutes. 
The incubation mixture was bdiled for 5 minutes and acidified with H,SO, 
to pH 5.0. The coagulated protein was removed by centrifugation, the 
supernatant was mixed with 150 um of sodium bisulfite, and the pH taken 
to 2.5 with H,SO,. The solution was extracted continuously with ether 
overnight, and the ether extract evaporated to dryness. The residue was 
dissolved in water, and the solution reextracted with ether for 2 hours 
after adjusting the pH to 10.0. The aqueous solution was neutralized, 
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concentrated to about 1 ml. at low temperature, a precipitate removed 
by centrifugation, and the supernatant acidified to pH 3.0. The brown 
precipitate which appeared on cooling was redissolved in water, and the 
solution decolorized by boiling with charcoal. The solution was concen- 
trated at room temperature under reduced pressure and cooled, when white 
crystals appeared. The crystals were filtered, washed with cold water, 
and dried in vacuo. This product melted at 211° (reported for succinyl 
sulfanilamide, 213°) and showed no depression in melting point when mixed 
with synthetic succinyl sulfanilamide (10). When acetyl sulfanilamide 
(m.p. 215-216°) was mixed with the isolated sample, the melting point 
dropped to about 192°. The sample contained no diazotizable compound, 
but on hydrolysis with 0.2 n HCI for 90 minutes on a steam bath 6.4 mg. 
of the sample liberated 22.2 um of sulfanilamide. Assuming the sample 
to be succinyl sulfanilamide, this represented a recovery of 94 per cent. 
Synthetic succiny] sulfanilamide when treated similarly yielded 92 per cent 
of the expected amount of sulfanilamide. The hydrolysates were evapo- 
rated to dryness, redissolved in water, and again evaporated to dryness 
to remove any volatile acids. Succinate determination on the hydrolyzed 
sample and on the hydrolyzed synthetic compound by oxidation with 
succinoxidase prepared from beef heart (11) showed recoveries of 87.5 and 
86 per cent respectively. In the presence of 100 um of malonate the oxida- 
tion of each was completely inhibited. From these data it appears that 
the product is succinyl] sulfanilamide. 
DISCUSSION 

The isolation of succinyl sulfanilamide from the pigeon liver ‘‘acylation” 
system demonstrates that an “active” succinyl intermediate, presumably 
associated with the oxidase, is formed during the oxidation of a-ketoglu- 
tarate. This might well be the primary step in oxidative phosphorylation 
at the substrate level. Whether other intermediates of the tricarboxylic 
acid cycle pass through a similar step in oxidation remains to be studied. 

The accompanying scheme for the oxidation of a-ketoglutarate in these | 
preparations may be considered. 


a-Ketoglutarate [succinyl-enz complex succinate 


(C) Pigeon liver extract 
Coenzyme A 
Succiny! sulfanilamide 
Reaction A, involving decarboxylation and oxidation in one or more 
enzymatic steps, cannot be measured alone, since a subsequent reaction is 


necessary to regenerate the enzyme. The nature of Reaction B is also 
unknown; here the simplest possible mechanism is hydrolytic cleavage of 
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the succinyl-enzyme complex. Since external coenzyme A is required for 
the succinylation reaction, this coenzyme is not likely to be present in the 
oxidase preparation, and hence may not enter Reaction B. On the other 
hand, a likely intermediate in Reaction C is succinyl-coenzyme A, analogous 
to acetyl-coenzyme A (12). 

The over-all Reaction A-B is measured by the indophenol technique 
and the over-all Reaction A-C by succinylation. Since competition is 
possible between Reactions B and C, even with pigeon liver enzyme in 
excess, the succinylation rate may be a low estimate of Reaction A. For 
technical reasons oxidation and succinylation cannot be measured simul- 
taneously. Although comparison on a quantitative basis between the 
indophenol and succinylation rates in Table III is not valid, the ratio of 
the two activities in each fraction is more significant. It is suggested that 
in this a-ketoglutaric oxidase preparation a factor in Reaction C is limiting 
and that this factor is soluble at pH 5.8. 


SUMMARY 


The preparation of a soluble a-ketoglutaric oxidase and its assay based 
on the reduction of 2,6-dichlorophenol indophenol are discussed. 

Succinyl sulfanilamide is formed during a-ketoglutarate oxidation in the 
presence of pigeon liver acetone powder extract and coenzyme A. This 
compound has been isolated and identified. It is suggested that a succinyl- 
enzyme complex and succinyl-coenzyme A may be intermediates in succiny- 
lation. 


It is a pleasure to acknowledge the advice and encouragement of Dr. 
David E. Green as well as the able assistance of Mrs. Alfons Hilbert in 
this study. This investigation was supported by a grant from the Na- 
tional Heart Institute, National Institutes of Health, United States Public 
Health Service. 
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ENZYMATIC SYNTHESIS OF CITRIC ACID 
II. CRYSTALLINE CONDENSING ENZYME* 


By SEVERO OCHOA, JOSEPH R. STERN,ft ann MORTON C. SCHNEIDER 


(From the Department of Pharmacology, New York University College of 
Medicine, New York, New York) 


(Received for publication, July 30, 1951) 


The wide-spread occurrence of the soluble, coenzyme A-dependent en- 
zyme which catalyzes the formation of citrate by condensation of “active 
acetate’ with oxalacetate has been previously reported (1). This enzyme 
is involved in the condensation reaction of the Krebs tricarboxylic acid 
eycle (2) and is referred to as the condensing enzyme. The isolation and 
crystallization of this enzyme from pig heart have been briefly reported (3). 
The condensing enzyme is the first enzyme of the tricarboxylic acid cycle 
to be obtained in crystalline form. In the present paper the purification 
and crystallization of the enzyme are described and data on its distribu- 
tion are presented. Final proof is also given that citric acid is the prod- 
uct of the condensation catalyzed by this enzyme. 


EXPERIMENTAL 


Enzyme Assay and Unit—The assay is based on the conversion of a 
mixture of acetyl phosphate and oxalacetate to citrate and orthophos- 
phate, in the presence of transacetylase (4), coenzyme A (CoA), and con- 
densing enzyme. Evidence presented in Paper III (5) indicates that the 
above reaction is the result of the combined action of transacetylase and 
condensing enzyme whereby the acetyl group of acetyl phosphate is trans- 
ferred to oxalacetate, CoA acting as the acetyl carrier (Reactions 1 to 3). 


(1) Acetyl phosphate + CoA = acetyl CoA + phosphate (transacetylase) 
(2) Acetyl CoA + oxalacetate = citrate + CoA (condensing enzyme) — 


(3) Sum, acetyl phosphate + oxalacetate = citrate + phosphate 


Although the above reactions are reversible, the equilibrium position 
of Reaction 3 is markedly in favor of citrate synthesis (5). 1 unit of con- 
densing enzyme has been defined as the amount of enzyme which, under 
the conditions of the assay, catalyzes the synthesis of 1.0 um of citrate 


* Aided by grants from the United States Public Health Service, the American 
Cancer Society (recommended by the Committee on Growth of the National Re- 
search Council), the Office of Naval Research, the Rockefeller Foundation, and the 
Lederle Laboratories Division, American 7” anamid Company. 

t Stanley Tausend Fellow. 
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in 10 minutes at 25°. The specific activity of the enzyme is expressed as 


units per mg. of protein. The protein content of the enzyme solutions is } 


determined by two methods. Prior to elution from calcium phosphate 
gel, when the nucleic acid content is relatively high, protein is estimated 
by the method of Heidelberger and MacPherson (6) as modified by 
Lowry.’ At later stages, protein is determined spectrophotometrically 
by measurement of the light absorption at wave-lengths 280 and 260 my, 
with a correction for the nucleic acid content (7). 

The composition of the assay solution is as follows: potassium phosphate 
buffer, pH 7.4, 25 um; MgCh, 4 um; potassium L-cysteine, 10 um; potas- 


| 


2 4 6 8 0 


MG. OF PROTEIN (04. co/, @Heart) 

Fic. 1. Dependence of the rate of citrate synthesis on the concentration of con- 
densing enzyme in the standard assay system. Curve 1, constant condensing en- 
zyme (pig heart extract, 9.5 mg. of protein) and increasing amounts of £. 
coli extract. Curve 2, constant EZ. coli extract (4 mg. of protein) and increasing 
amounts of pig heart extract. Temperature, 25°. 


CITRATE (micromoles /cc./10 minutes) 


sium oxalacetate, 20 um; dilithium acetyl phosphate, 10 um; freshly pre- 
pared Escherichia coli (strain 4157) extract containing about 20 mg. of 
protein per cc. (as a source of both transacetylase and CoA), 0.20 ce. 
This amount of extract contains 4 to 5 units of transacetylase (5) and 3 
to 4 units of CoA. To the above solution is added a volume of the solu- 
tion to be assayed estimated to contain 3 to 6 units of condensing enzyme, 
and the final volume is adjusted to 1.0 ec. with water. Freshly prepared 
solutions of L-cysteine and oxalacetic acid are neutralized with potassium 
hydroxide to pH 7.4 just before use. Sodium hydroxide is to be avoided, 
since sodium ions inhibit transacetylase. The additions are made into a 
tube kept in ice. After adding the enzyme, the tube is placed in a bath 


1 Personal communication. We are indebted to Dr. O. H. Lowry for this in- 
formation. 
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at 25°, shaken for 10 minutes, and then replaced in ice. A 0.5 cc. aliquot 


. is immediately withdrawn for determination of acetyl phosphate by the 


hydroxylamine method of Lipmann and Tuttle (8). 3.0 ce. of 12 per cent 
trichloroacetic acid are added to the remainder. The mixture is cen- 
trifuged and a suitable aliquot of the supernatant solution used for the 
determination of citric acid. The appropriate volume of the aliquot is 
estimated from the disappearance of acetyl phosphate. Citric acid was 
determined by the method of Natelson et al. (9). The EZ. coli extract con- 
tains little or no condensing enzyme and is free of aconitase. A control 
without added condensing enzyme is always included and any citrate 
found in it is subtracted from that found in the other tubes. 

The dependence of the rate of citrate synthesis on the concentration of 
E. coli protein and condensing enzyme is shown in Fig. 1. The source of 
condensing enzyme was the initial extract of pig heart. It will be seen 
that, under the conditions of the test, the rate of citrate synthesis is pro- 
portional to the condensing enzyme concentration over a 25-fold range 
of enzyme dilutions. 


Isolation of Enzyme 


Pig hearts, removed immediately after death, are packed in ice. All 
operations are performed at about 0°. 

Extraction—70 pig hearts are trimmed of fat and connective tissue and 
ground in a mechanical mincer. 10 kilos of mince are extracted with 20 
liters of 0.02 M potassium phosphate buffer, pH 7.4, for 30 minutes with 
mechanical stirring. The suspension is squeezed through four layers of 
cheese-cloth with the aid of a press, yielding a deep red extract. The 
residue is extracted with another 20 liters of buffer in the same manner, 
and the second extract combined with the first. The volume of com- 
bined extracts was 33 liters; pH 6.5; protein, 312 gm.; specific activity, 
0.91. 

Isoelectric Precipitation—To the extract are added slowly, with me- 
chanical stirring, 348 cc. of 1.0 M acetic acid over a period of about 1 hour 
until the pH falls to 5.5. The suspension is allowed to settle overnight. 
The clear supernatant fluid is siphoned and the remainder centrifuged 
in the cold at 2000 r.p.m. for 1 hour. The precipitate is taken up in 800 
ce. of 0.02 M potassium phosphate buffer, pH 7.4, and shaken mechanically 
for 30 minutes at 3-4°. The suspension is centrifuged in a Servall angle 
centrifuge at 13,000 r.p.m. for 30 minutes and the insoluble residue dis- 
carded. The deep pink supernatant fluid (1295 cc.) is dialyzed against 
10 liters of 0.1 mM potassium phosphate buffer, pH 7.9, for 48 hours. The 
solution of the isoelectric precipitate contains 8.77 gm. of protein; specific 
activity, 7.3. 
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Adsorption on Calcium Phosphate Gel—The supernatant fluid from the 
above step (32.5 liters) contains 275 gm. of protein; specific activity, 0.89, 
To this are added 3.6 liters of calcium phosphate gel (25 mg., dry weight, 
per cc.), prepared according to Keilin and Hartree (10). The mixture is 
stirred mechanically for 4 hours and allowed to settle overnight. The 
clear solution is siphoned and the gel centrifuged at 2000 r.p.m. for 45 
minutes. The solution (37 liters) containing 207 gm. of protein, specific 
activity 0.42, is discarded. The precipitate is taken up in 1.5 liters of 
0.1 mM potassium phosphate buffer, pH 7.9, and shaken mechanically for 
1 hour in a 4 liter bottle containing a handful of glass beads. A few drops 
of capryl alcohol are added to minimize foaming. The suspension is then 
centrifuged at 2000 r.p.m. for 30 minutes. Four more elutions of the gel 
are carried out in the above manner. The volume of combined eluates 
was 7240 cc.; protein, 51 gm.; specific activity, 2.7. 

Ethanol Precipitation—The dialyzed solution of the isoelectric precipi- 
tate and the calcium phosphate eluates are combined to give 8480 cc. of 
solution containing 43.5 gm. of protein; specific activity, 5.5. The solu- 
tion is brought to 0°, and 3640 cc. of ethanol cooled to —50° are added 
dropwise, with mechanical stirring, at such a rate that about 6 hours are 
required for complete transfer. The final ethanol concentration was 30 per 
cent by volume. As the ethanol runs in, the temperature of the solution 
is gradually lowered to —12° or —14°. The mixture is transferred to a 
tall, narrow glass cylinder and stored at —18° overnight. Because of the 
large volumes involved, the alcohol precipitation has been carried out in 
two lots, each half the total volume. Next morning as much of the clear 
fluid as possible is siphoned and the remainder is centrifuged at —20° 
und 2000 r.p.m. for 45 to 60 minutes. The temperature after the run was 
—15°. The supernatant solution is decanted, collected, and again stored 
at —18°. Additional active precipitates form over a period of 2 weeks. 
These have been collected and further fractionated in the manner outlined 
for the first ethanol precipitate. The first ethanol precipitate is dissolved 
in 140 cc. of 0.02 m potassium phosphate buffer, pH 7.4, and dialyzed 
against 4 liters of the same buffer for 7 hours to remove ethanol. After 
dialysis, a slight precipitate is centrifuged at 13,000 r.p.m. and 0° for 15 
minutes; 440 cc. of deep red, clear supernatant fluid are obtained contain- 
ing 15.5 gm. of protein; specific activity, 6.0. The solution of the second 
ethanol precipitate contained 11.76 gm. of protein; specific activity, 5.0. 
The harvesting of several precipitates can be avoided by allowing the 
ethanol mixture to stand at — 18° for 3 days. 

First Ammonium Sulfate Fractionation—The solution of the first ethanol 
precipitate is diluted with 0.02 m potassium phosphate buffer, pH 7.4, 
to bring the protein concentration to 12 to 15 mg. per cc., and is brought 
to 50 per cent saturation with solid ammonium sulfate (35.3 gm. per 100 
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cc.). The salt is added slowly over a period of 1 hour at 0° with mechani- 
cal stirring. The mixture is allowed to stand for 30 minutes and the 
precipitate centrifuged at 13,000 r.p.m. for 20 minutes. The precipitate 
(4.79 gm. of protein; specific activity, 2.4) is discarded. The supernatant 
solution is brought to 60 per cent saturation by adding 7.1 gm. of am- 
monium sulfate for each 100 cc. of original solution over a period of 30 
minutes. After standing for 20 to 30 minutes, the precipitate is centri- 
fuged as above and dissolved in 15 cc. of 0.02 M potassium phosphate 
buffer, pH 7.4, to give 20 cc. of a pink solution, containing 428 mg. of 
protein; specific activity, 31. The supernatant solution is brought to 70 
per cent saturation by adding 7.1 gm. of ammonium sulfate for each 
original 100 cc. in the same manner as above. The precipitate is dis- 
solved in 15 cc. of the above buffer, giving 21 cc. of a clear, deep red solu- 
tion containing 877 mg. of protein; specific activity, 34. The supernatant 
solution is discarded. 

Second Ammonium Sulfate Fractionation—The two fractions from the 
previous step are refractionated individually without previous dialysis. 
The solution is diluted with 0.02 m potassium phosphate buffer, pH 7.4, 
to bring the protein concentration to 10 mg. per cc. It is then brought to 
40 per cent saturation, by adding 28.2 gm. of ammonium sulfate per 
100 cc., over a 20 minute period. After standing 20 minutes, the pre- 
cipitate is centrifuged and discarded. The supernatant solution is brought 
to 60 per cent saturation by adding 14.2 gm. of ammonium sulfate per 
100 cc. of original solution. The precipitate is centrifuged and dissolved 
in the minimum volume of 0.02 mM potassium phosphate buffer, pH 7.4, 
required for solution. The solutions together (6.0 cc.) contain 721 mg. 
of protein; specific activity, 65. 

Crystallization—The solutions from the previous step, each containing 
about 12 per cent protein in rather concentrated ammonium sulfate, are 
kept at 3-4°. Crystallization of the condensing enzyme begins within a 
few hours and is allowed to continue for 48 hours or more. The crystals 
are harvested by centrifugation at 15,000 r.p.m. for 45 to 60 minutes at 
0°. Almost all of the enzyme is present in the crystalline precipitate. 
The clear red supernatant solution, which contains only about 2 per cent 
of the enzyme originally present in the ammonium sulfate fractions (spe- 
cific activity, 2), is discarded. The two lots of crystals are combined, 
washed in the centrifuge at 0° with a few cc. of 50 per cent saturated 
ammonium sulfate, and dissolved in 0.02 M potassium phosphate buffer, 
pH 7.4, to give a clear, light yellow solution containing 202 mg. of protein; 
specific activity, 200. Any small residue at this stage is centrifuged, 
washed with a small volume of buffer, and the wash combined with the 
main solution. 

The enzyme is easily recrystallized from 3 to 4 per cent solutions in 


695 
om the 
y, 0.89, 
veight, 
ture is 
. The 
for 45 
specific 

ers of 
lly for 
drops 
s then 
he gel 
luates 
ecipi- 
cc. of 
solu- 
added 
rs are 
30 per 
lution 
l toa 
f the 
in 
clear 
— 20° 
was 
tored 
eeks. 
lined 
ol ved 
yzed 
After 
or 15 
tain- 
ond 
5.0. 
the 
anol 
7.4, | 
ght 
100 


696 ENZYMATIC SYNTHESIS OF CITRIC ACID. II 


0.02 m potassium phosphate buffer, pH 7.4, by dropwise addition, with 
stirring, of saturated ammonium sulfate at 0° until crystallization begins. 
This occurs when the ammonium sulfate saturation is about 45 per cent. 
Crystallization is allowed to proceed for 3 or more days in the cold. The 
crystals are harvested by centrifugation at 0°, washed once with a little 
50 per cent saturated ammonium sulfate, and dissolved in buffer to give 
a colorless water-clear solution. After one or two recrystallizations, the 
specific activity becomes 330 + 15 and remains unchanged on further 


TaBie I 
Purification of Condensing Enzyme 


10 kilos of pig heart. 
Step Volume Units Protein | | Yield 
j 
| units per 
| Per cent 
Phosphate extract 33,000 284,000 312,000 0.9 100 
Calcium phosphate gel eluate and 8,480 241,000 43,500| 5.585 
isoelectric ppt. combined | | 
Ist ethanol ppt.* | 92,000 15,500 «6.0 32 
Ist ammonium sulfate fractionation — 41 = 43,500 1,305 33 15 
(0.5-0.7 saturated) | | | 
2nd ammonium sulfate fractionation — 6 46,210 721; 6 | 16 
(0.41.6 saturated) | 
Crystals 5 40,300 202.200 
Mother liquor of crystals 4 S40 392 2.0 
Ist recrystallization 2.8 26,800 82 327 9.5 


* The second ethanol precipitate was treated in the same manner as the first. 
Specific activity 330 was reached in this case only after three recrystallizations; 


yield, 11,200 units. The total yield of crystals of specific activity 330 was, there-— 
fore, 26,800 + 11,200 = 38,000 units, or 13 per cent of the enzyme in the original | 


extract. 


recrystallization. ‘This activity corresponds to the synthesis of 3300 moles 
of citrate per minute per 100,000 gm. of enzyme at 25°, under the conditions 
of the standard assay. The turnover number increases to a value of about 
5000 when the amount of CoA in the assay system is increased to 25 units. 
Increase of transacetylase to 10 units did not affect the rate of citrate 
synthesis. Data on the purification of the enzyme are summarized in 
Table I. The procedure has been repeated several times with uniform 
results. From the specific activity of the pure enzyme, it can be calculated 
that about 0.3 per cent of the protein in the initial pig heart extract is 
condensing enzyme. 

The condensing enzyme crystallizes as small slender needles under the 


conditions outlined above. The refractive index of the crystals differs 
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Activity of Twice Reerystallized Condensing Enzyme in Standard Test 


Enzyme 


me. 
0.0041 
0.0082 
0.0123 
0.0164 


Average. .... 
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Fig. 2. Crystalline condensing enzyme (X 600) 


Taste Il 


Acetyl phosphate removed Citrate synthesis 


uM 
1.3 1.36 
2.6 2.70 
4.1 4.13 
5.3 


5.21 
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As in the case 
of the crystalline lactic dehydrogenase from heart muscle (11), the erys- 
tals take up methylene blue and become much more easily visible (Fig. 2). 


@ 


Specific activity 


unmils per mg. 


332 
329 
336 
318 


320 


The results in Table IL, illustrating standard tests at various concentra- 
tions of condensing enzyme, fulfil Reaction 3. 

Enzyme recrystallized three times was homogeneous on electrophoresis 
(1 per cent in 0.05 Mm phosphate buffer, pH 7.4) and in the ultracentrifuge.? 
Condensing enzyme recrystallized four times was free of aconitase, fuma- 


* We are indebted to Dr. Sevmour Kaufman and Dr. 1. B. Wilson for these runs. 
Our thanks are also due to Dr. D. Nachmansohn for the use of his Spinco analytical 


ultracentrifuge. 
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rase, malic dehydrogenase, lactic dehydrogenase, and aldolase; it contained 
traces of isocitriec dehydrogenase (specific activity, 0.9). The specific ac- 
tivities of the above enzymes in the initial heart extract were aconitase 
130, fumarase ISO (both tested by Racker’s spectrophotometric method 
(12)), malic dehydrogenase (13) 600, lactic dehydrogenase (13) 240, and 
isocitric dehydrogenase (14) 20. Aldolase was assayed spect rophotometri- 
“illy, in the presence of several times recrystallized triose phosphate de- 
hydrogenase, arsenate, and diphosphopyridine nucleotide, with fructose- 
1 .ti-diphosphate as substrate. The erystalline enzyme was also free of 
aevl phosphatase which is present in the initial extracts. 

The condensing enzyme is very stable. Dilute solutions in phosphate 
buffer, pH 7.4, can be kept for several weeks in the iee box without loss 
of activity. The erystalline enzyme is usually kept as a suspension in 
OO percent saturated ammonium sulfate at 3-47. Under these conditions, 
its activity remained unchanged over a period of at least 6 months. The 
enzyme withstands dialysis against dilute (0.02 M) phosphate buffer, 
7.4, for several days. Activity is destroyed by heating at 100° for 2 to 
3 minutes, 

Isolation of Curie Acid——Citric acid synthesized via Reaction 3 was iso- 
lated from a run carried out as follows: 1500 gt of trisChvdroxymethy)ami- 
nomethane buffer, pI 8.0, 40 of 100 of potassium L-cysteine, 
SOO uM of potassium oxalacetate, 500 as of lithium acetvl phosphate, 25 
units of CoA, 15 units of highly purified transacetvlase from Clostridium 
and 230 units of twice reervstallized condensing enzyme were 
made up to 10 ce. with water and shaken at 25° for 5 hours. Both the 
transecetviase and the condensing enzyme were completely free of aeoni- 
tase as determined by Racker’s assay (12). The disappearance of acetyl 
phosphate was determined at hourly intervals on aliquots of the reaction 
mixture. At the end of 2 hours, another 15 units of transacetvlase and 230 
units of condensing enzyme were added to the solution. There was ne 
further disappearance of acetyl phosphate between the dth and Sth hours. 
At this time, 2.0 ce. of 20 per cent metaphosphoric acid were added to the 

‘action mixture and the slight protein precipitate was removed by cen- 
trifugation. On incubation, a total of 388 gm of acetyl phosphate cis- 
appeared and 254 gm (48.0 mg.) of citrie acid were formed. The excess 
acetyl phosphate disappearance is probably due to spontaneous hydrolysis. 

The supernatant solution was brought to pIL 1.0 with sulfuric acid and 
extracted continuously with ether for 72 hours. The ether was evaporated 
and the brown oily residue dissolved in water to give 7.0 cc. of a clear, 
light vellow solution containing 36 mg. of citric acid. The solution was 


*CoA and transacetylase were kindly supphed by Dr. bk. R. Stadtman. The 
CoA was preparation obtained from C. Alagrert contaiming 75 units per mg. 
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diluted to 15 cc. with water, made alkaline to brom cresol purple with 2 
drops of concentrated ammonia, and treated with 5.0 cc. of 10 per cent 
silver nitrate. The silver salts were suspended in water and decomposed 


Taste III 
Distribution of Condensing Enzyme 

The organs were removed immediately after death and placed in ice. Liver, 
kidney, and brain were homogenized in a Potter-Elvehjem homogenizer, muscle 
and tumor in a Waring blendor, with 5 volumes of 0.02 m potassium phosphate buf- 
fer, pH 7.4, at 0° for a few minutes. The mixture was then allowed to stand for 30 
minutes, with frequent stirring, and centrifuged at 13,000 r.p.m. and 0° for 30 min- 
utes. Clear supernatant fluids used for assay. Ox tissue acetone powders and 
dried cells of Pseudomonas fluorescens and Clostridium butylicum were extracted in 
a mortar with 10 volumes of buffer and centrifuged as above. Extracts of Proteus 
vulgaris, Azotobacter agile, and Mycobacterium tuberculosis were obtained by sonic 
vibration. The Proteus extract was further precipitated with ammonium sulfate 
between 0.47 and 0.55 saturation. Lyophilized yeast (Fleischmann) was extracted 
in the same manner as £. coli. Red Star yeast extract was obtained according to 
Dr. S. Black (personal communication) by freezing in liquid nitrogen and extract- 
ing with 1 volume of 0.3 mM ammonium phosphate buffer, pH 8.3, for 5 days at 3°. 
The values are expressed as specific activity (units per mg. of protein) in the stand- 
ard test. 


| Pig Rabbit Rat Pigeon Microorganisms 
<0.01 0.05 P. vulgaris 0.79 
0.16 | 0.20 0.07 fluorescens 0.56 
| 0.26! 0.14 0.13. A. agile (4.4)t 0.26 
Skeletal muscle... _ 0.14 0.09 1.9 | M. tuberculosist 0.06 
Heart muscle... | 0.9 | 2.2 2.9 C. butylicumt 0 
 (Fleisehmann) | 
_ Bakers’ yeast (Red | 1.12 
Star) 


* Acetone powder extracts. 

t Extracts of these organisms also contain transacetylase. Both strains H37Ra 
and H37Rv of M. tuberculosis were used with the same results. 

t Breast muscle. 

§ Flexner-Jobling sarcoma. The tumor assays were carried out at the request 
of Dr. V. R. Potter, University of Wisconsin. We are indebted to Dr. Potter for 
supplying the tumor-bearing rats and normal controls of the same strain. 


with hydrogen sulfide. The aerated filtrate (5.3 cc.) contained 35.3 mg. 
of citric acid. This solution was evaporated under reduced pressure to a 
volume of 2.3 cc. To the hot solution were added 220 mg. of quinidine. 
On cooling, typical rosettes of quinidine citrate appeared. After standing 
overnight the precipitate was collected by filtration, washed with a little 
cold water, and dried in vacuo over silica. The yield of quinidine citrate 
was 133 mg. containing 28.6 mg. (21.5 per cent) of citric acid as determined 
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by the method of Natelson ef al. (9). After one recrystallization from 
water (vield, 57.6 mg. containing 21.5 per cent citric acid) the melting 
point of the quinidine salt was 122-125° uncorrected. The mixed melting 
point with an authentic sample of quinidine citrate of melting point 122- 
125° was 122-125° uncorrected. 

Enzymatic tests on the supernatant solution obtained after precipitation 
of the quinidine by addition of ammonia confirmed the above identification 
of citric acid and showed that d-isocitric acid was not present; in the 
spectrophotometric test with isocitric dehydrogenase (14) there was no 
reaction except on addition of aconitase. Purified aconitase was prepared 
by the method of Buchanan and Anfinsen (15). 

Distribution of Enzyme—The condensing enzyme is present in variable 
amounts in extracts of all animal tissues examined. Quantitative data 
are given in Table III. As would be expected, the enzyme is present in 
highest concentrations in tissues which, like heart and pigeon breast muscle, 
have a high aerobic metabolism. The values for the rat tumor are of the 
same order of magnitude as in normal rat tissues. Somewhat lower values 
in mouse tumors were reported by Wenner et al. (16) with our assay method. 
The presence of condensing enzyme in yeast and F.. coli extracts has already 
been reported (1, 17). It will be observed that extracts of Clostridium 
butylicum, an anaerobic organism, contained no condensing enzyme. 


Methods 


E. coli, strain 4157 (American Type Culture Collection), was grown as 
described by Umbreit and Gunsalus (18). After 40 hours of growth at 
30°, without aeration, the organisms were harvested by centrifugation and 
washed twice with 0.4 per cent sodium chloride. The yield of fresh cells 
was about 1.0 gm. per liter of medium. The washed cells were made into 
a paste with distilled water and lyophilized. 4.0 gm. of cells yielded about 
1.0 gm. of dry powder. This powder kept indefinitely when stored in 
closed containers in the cold. 

E. coli Extract—0.5 gm. of powder was ground in a mortar with 0.5 gm. 
of Alumina A-301 (-325 mesh, Aluminum Company of America) and then 
extracted for 10 minutes at room temperature with 6.5 cc. of potassium 
phosphate buffer, pH 7.0, with continuous grinding. The suspension was 
centrifuged at 13,000 r.p.m. and 0° for 20 minutes and the solution de- 
canted for use. 1 ec. of this extract contained about 20 mg. of protein 
(as determined by the method of Heidelberger and MacPherson (6)) and 
supplied 20 to 25 units of transacetylase and 15 to 20 units of CoA. Under 
our conditions, it gave consistently uniform results, provided it was used 
on the same day it was prepared. 
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Preparations—Acety] phosphate was synthesized by the method of Stadt- 
man and Lipmann (19). Crystalline p-glyceraldehyde-3-phosphate dehy- 
drogenase, prepared from rabbit muscle by the method of Cori et al. (20), 
was kindly supplied by Dr. E. Racker. Other preparations were obtained 
as previously indicated (1). 


SUMMARY 


1. The isolation of crystalline condensing enzyme from pig heart is de- 
scribed. The enzyme assay is based on the conversion of a mixture of 
acetyl phosphate and oxalacetate to citrate and orthophosphate in the 
presence of coenzyme A, transacetylase, and condensing enzyme. Co- 
enzyme A and transacetylase are supplied by an extract of Escherichia 
coli. Under the conditions of this assay, the rate of citrate synthesis is 
proportional to the concentration of condensing enzyme within wide limits. 

2. The isolation and characterization of the citric acid synthesized in 
the presence of crystalline condensing enzyme and highly purified trans- 
acetylase, both free of aconitase, are described. 

3. Quantitative data on the distribution of the condensing enzyme are 


presented. 


We are indebted to Dr. D. J. O’Kane for an ammonium sulfate fraction 
of Proteus vulgaris, to Dr. C. B. van Niel for a culture of Azotobacter agile 
(4.4), to Dr. I. C. Gunsalus for the dried Pseudomonas fluorescens and 
Clostridium butylicum cells, and to Dr. A. G. Marshak for the Mycobac- 
terium tuberculosis extracts. We wish to thank Mr. Tibor G. Farkas for 
skilful technical assistance. 
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ENZYMATIC SYNTHESIS OF CITRIC ACID 
III. REVERSIBILITY AND MECHANISM* 


By JOSEPH R. STERN,t BENYAMIN SHAPIRO,{ E. R. STADTMAN,§ 
anp SEVERO OCHOA 


(From the Department of Pharmacology, New York University College of 
Medicine, New York, New York) 
(Received for publication, July 30, 1951) 


As already stated (1, 2), the synthesis of citrate from acetyl phosphate 
and oxalacetate is the combined result of Reactions 1 and 2 to give Re- 
action 3. Proof that transacetylase (3) is involved in Reaction 3 is pre- 


(1) Acetyl phosphate + CoA =— acetyl CoA + phosphate (transacetylase)! 
(2) Acetyl CoA + oxalacetate = citrate + CoA (condensing enzyme) 


(3) Sum, acetyl phosphate + oxalacetate citrate + phosphate 


sented in this paper. Proof is also presented of the reversibility of the 
above reactions. Reaction 3 can be coupled with the reaction catalyzed 
by malic dehydrogenase (Reaction 4) to give Reaction 5. The latter re- 


(4) t-Malate + DPN = oxalacetate + DPNH;, (malic dehydrogenase) 


(8) Acetyl phosphate + t-malate + DPN citrate + phosphate + DPNH; 


action, which requires the presence of CoA besides the three enzymes 
transacet ylase, condensing enzyme, and malic dehydrogenase, is obtained 
by substituting t-malate and DPN for oxalacetate in the forward direction 
or by having DPNH, present along with citrate and phosphate when the 
reaction is to proceed in the opposite direction. Since Reaction 5 involves 
reduction of DPN or oxidation of DPNH,, it can be readily followed 
spectrophotometrically in either direction. The results indicate that the 


* Aided by grants from the United States Public Health Service, the American 
Cancer Society (recommended by the Committee on Growth of the National Re- 
search Council), the Office of Naval Research, the Rockefeller Foundation, and the 
Lederle Laboratories Division, American Cyanamid Company. 

t Stanley Tausend Fellow. 

t Judah L. Magnes Fellow. Present address, Department of Pathological Chem- 
istry, The Hebrew University, Jerusalem, Israel. 

§ Present address, National Heart Institute, National Institutes of Health, 
Bethesda 14, Maryland. 

! The following abbreviations are used: CoA = coenzyme A, acetyl CoA = acetyl 
coenzyme A, DPN = oxidized diphosphopyridine nucleotide, DPNH, = reduced 
diphosphopyridine nucleotide, OAA = oxalacetate (oxalacetic acid), THAM = 
tris(hydroxymethy] jaminomethane. 
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equilibrium position of Reactions 2, 3, and 5 is markedly in favor of citrate 
synthesis. 

Proof that the reaction catalyzed by the condensing enzyme is that 
formulated in Reaction 2 has been obtained in three ways: (a) C-labeled 
citrate yields small amounts of C-labeled oxalacetate in the presence of 
condensing enzyme and CoA. (6) Through coupling of Reactions 2 and 
4 evidence has been obtained for the occurrence of Reaction 6. Thus, 


(6) Citrate + CoA + DPNH; = acetyl CoA + t-malate + DPN 


DPNH, is oxidized when ,CoA is added to a reaction mixture containing 
condensing enzyme, malic dehydrogenase, and citrate. (c) Lynen and 
Reichert (4) have recently succeeded in isolating acetyl CoA from bakers’ 
yeast incubated aerobically in the presence of alcohol or acetic acid. With 
a sample of acetyl CoA kindly supplied by Dr. Lynen, we have established 
that acetyl CoA readily reacts with oxalacetate to give citrate in the 
presence of crystalline condensing enzyme. 

Because of the reversibility of Reaction 2, citrate can act as an acetyl 
donor to acceptors such as orthophosphate, sulfanilamide, or choline, if 
the appropriate enzyme, 1.e. transacetylase (3), the sulfanilamide-acetylat- 
ing enzyme present in pigeon liver extracts (5), or choline acetylase (6), 
is present together with condensing enzyme. Lynen and Reichert (4) 
have shown that acetyl CoA acetylates sulfanilamide in the presence of 
pigeon liver enzyme. More recently, acetyl CoA has also been shown to 
acetylate choline in the presence of choline acetylase.? 

Some observations on the coupled reaction involving transacetylase and 
condensing enzyme will also be described. 

Coupling of Transacetylase and Condensing Enzyme—In the standard 
assay for condensing enzyme an extract of Escherichia coli was used both 
to “activate” acetyl phosphate and to supply the necessary CoA (2). 
After the discovery of transacetylase (3) it became apparent that this 


must be the enzyme in E. coli extract involved in the synthesis of citrate | 


when acetyl phosphate is the acetyl donor. The specific arsenolysis test 
for transacetylase (7) showed that this enzyme is present in E. coli ex- 
tracts. It was also found that, in the presence of CoA, highly purified 
preparations of transacetylase from Clostridium kluyveri (7) replaced the 
E. coli extract in the condensing enzyme assay. The experiment illus- 


trated in Table I shows that the effect of E. coli extract on citrate synthesis — 


is due to its transacetylase content. Transacetylase was determined by 
arsenolysis and the specific activity of the enzyme expressed as described 
elsewhere (7). The experiment was carried out with limiting amounts of 
transacetylase, either as an EZ. coli extract or as a purified preparation from 


* Lynen, F., personal communication. 
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(’. kluyveri, so as to make the rate of citrate synthesis dependent on the con- 
centration of this enzyme. The E£. coli extract was treated with Dowex-1 
resin (7, 8) to remove CoA. Since the specific transacetylase activity of 
the purified preparation was 500 times greater than that of the E. coli 
extract, the agreement of the citrate values in Columns A and B in Table I 
leaves no doubt that transacetylase is the enzyme responsible for the 
activity of FE. coli extracts in this system. 

Coupling with Malic Dehydrogenase—In the presence of malic and lactic 
dehydrogenases, DPN, and pyruvate, t-malate can be substituted for 
oxalacetate in the condensing enzyme assay system. Under these con- 


Tasie I 


Transacetylase Dependence of Citrate Synthesis with Acetyl Phosphate As Acetyl 
Donor 


The samples contained 100 um of THAM buffer, pH 8.05, 4 um of MgCle, 10 um of 
L-cysteine, 100 um of KCl, 10 units of CoA, 25 ua of acetyl phosphate, 30 um of oxal- 
acetate, 64 7 of crystalline condensing enzyme, and transacetylase as indicated. 
Final volume made up with water to1.0cc. Incubation, 10 minutes at 25°. Source 
of transacetylase, Column A, crude £E. coli extract treated with Dowex-1l resin to 
remove CoA (transacetylase specific activity,* 1); Column B, purified transacetylase 
from C. kluyvert (specific activity, 500). Citrate values given in micromoles. 


Citrate formed 
Transacetylase 
(A) (B) 
tonils 
0.15 1.9 2.4 
0.38 4.1 4.7 
1.54 10.1 11.0 


* Units per mg. of protein. 
ditions citrate synthesis occurs at somewhat lower rates than with oxal- 


' acetate. Evidence for the occurrence of such a reaction in crude enzyme 
extracts has already been presented (1). With acetyl phosphate as the 


acetyl donor, the reaction is the result of the coupling of Reaction 5 with 
the reaction catalyzed by lactic dehydrogenase (Reaction 7) to give Re- 


(7) Pyruvate + DPNH; = lactate + DPN (lactic dehydrogenase) 


Acctyl phosphate + s-enalate + pyrevate 


citrate + phosphate + lactate 


action 8. The experiments of Table II, carried out with highly purified 
enzymes, demonstrate the need of malic dehydrogenase, lactic dehydro- 
genase, pyruvate, and DPN for Reaction 8. The sample of CoA used was 
contaminated with small amounts of DPN. This is responsible for the 


| 
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occurrence of some citrate synthesis in the sample with no added DPN 
(Table II, Experiment 3). The observation of the ready coupling of malic 
dehydrogenase with the condensing enzyme system led to the spectro- 
photometric experiments described in the next section. 


TaBLe II 
Coupling of Malic Dehydrogenase and Condensing Enzyme 

The complete system contained 100 um of THAM buffer, pH 8.1, 4 um of MgCl, 
10 um of L-cysteine, 50 um of KCI, 10 units of CoA, 0.15 um of DPN, 25 um of acety! 
phosphate, 30 um of L-malate, 30 um of pyruvate, 65 7 of malic dehydrogenase, ex- 
cess of crystalline lactic dehydrogenase, 1.5 units of transacetylase, and 52.5 7 of 
crystalline condensingenzyme. Final volume made up with water to 1.0 ce. Tem- 
perature, 25°. The OAA controls contained 30 um of oxalacetate instead of malate, 
pyruvate, DPN, malic dehydrogenase, and lactic dehydrogenase. 


min uM uM 
1 10 Complete —6.9 
20 —11.3 
30 —13.9 +12.1 
2 10 OAA control —11.3 +11.2 
10 Complete —5.1 +5.0 
10 No malic dehydrogenase ~~ +0.2 
10 “ lactic +3 ~0 +0.3 
10 No pyruvate ~~ +0.3 
3° 10 OAA control —16.7 +16.8 
10 Complete —9.3 +7.9 
10 No DPN —3.6 +2.3 
20 Complete +16.6 


*2 units of transacetylase and 57.5 y of condensing enzyme. CoA preparation 
(30 units per mg.) from liver, kindly supplied by Dr. F. Lipmann. 


Reversibility 

As mentioned in the introduction, the course of Reaction 5 in either 
direction can be readily followed in the spectrophotometer by the ap- 
pearance or disappearance of the absorption band of DPNH, at the wave- 
length 340 my. This proves the reversibility of all the partial reactions 
involved and, therefore, the reversibility of the reaction catalyzed by the 
condensing enzyme (Reaction 2). The reduction of DPN in the forward 
reaction is shown in Fig. 1. The increasing rate of reaction with increas- 
ing concentrations of condensing enzyme is illustrated by Curves A, B, 
and C, with 12.6, 21, and 42 7 respectively, of the crystalline enzyme. The 
reaction starts on completing the system by adding any one component. 
Thus, in Curves A, B, and C, the reaction was started by the addition, 
at zero time, of condensing enzyme, malic dehydrogenase, and either acetyl 
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phosphate or L-malate, respectively, to the reaction mixture. The mix- 
ture of Curve D lacked transacetylase, condensing enzyme, and malic 


0 5 io 6 O Oo 20 30 4 50 
MINUTES 

Figs. 1 anv 2. Spectrophotometric measurement of the reaction acetyl phos- 
phate + t-malate + DPN = citrate + phosphate + DPNH;. The samples con- 
tained either 100 um of THAM buffer, pH 8.05 (Fig. 1), or 75 um of potassium phos- 
phate buffer, pH 7.4 (Fig. 2), 8 um of MgCl., 20 um of L-cysteine, 100 um of KCI, either 
5.3 (Fig. 1) or 22 units (Fig. 2) of CoA, either 7.5 (Fig. 1) or 11.5 units (Fig. 2) of 
transacetylase, and either 13 y (Fig. 1) or 26 y (Fig. 2) of malic dehydrogenase with 
other additions as indicated below. Final volume made up with water to 3.0 cc. 
Temperature, 24°. Corex cells, d = 10cm. Readings made against a blank cell 
containing all components except enzymes and coenzymes. In Fig. 1, the samples 
contained in addition 0.3 um of DPN, 2.6 um of acetyl phosphate, and 2.4 um of L- 
malate. Curve A, 12.6 y of crystalline condensing enzyme added at zero time; 
Curve B, 21 y of condensing enzyme present initially, malic dehydrogenase added 
at zero time; Curve C, 42 y of condensing enzyme present initially, either acetyl 
phosphate or L-malate added at zero time; Curve D, transacetylase added at zero 
time, condensing enzyme (21 7) added at Arrow 1; system completed by addition of 
malic dehydrogenase at Arrow 2. In Fig. 2, the samples contained 0.26 um of DPNH; 
and 100 um of citrate initially, instead of DPN, acetyl phosphate, and mal- 
ate. Curve A, condensing enzyme (1.57 mg.) added at zero time, 24 um of t-malate 
at Arrow 1, 12 um of acetyl phosphate at Arrow 2. Curve B, transacetylase added 
at zero time, condensing enzyme (0.3 mg.) added at Arrow 3 and again (1.05 mg.) 
at Arrow 4, 60 wm of t-malate at Arrow 5, 12 um of acetyl phosphate at 
Arrow 6. Curve C, transacetylase added at time zero, condensing enzyme (1.05 
mg.) at Arrow 7; system completed by addition of malic dehydrogenase at Arrow 
8; 60 um of L-malate at Arrow 9; 2.5 um of acetyl phosphate at Arrow 10. Readings 
corrected for dilution after additions. The increase of optical density beyond 0.54, 
the value corresponding to the 0.26 um of DPNH; added, is due to the presence of 
DPN in the CoA preparation. 


dehydrogenase at the outset. These enzymes were then added in the 
above order at zero time, at the time indicated by Arrow 1 and at that 
indicated by Arrow 2, respectively. 

The oxidation of DPNH, in the back-reaction is shown in Fig. 2. High 
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concentrations of condensing enzyme and citrate are required for rapid 
reaction rates. Under the conditions of these experiments equilibrium is 
reached in 10 to 15 minutes, when about 70 per cent of the DPNH; is 
oxidized. Once equilibrium is attained, the reaction is readily turned to a 
forward direction by addition of L-malate (Fig. 2, Arrows 1, 5, and 9) 
and, after a new equilibrium point is reached, addition of acetyl phosphate 


© 
T 


OPTICAL DENSITY (\#340 Mz) 


10 20 4 5SO 
MINUTES 

Fic. 3. Spectrophotometric measurement of the reaction acetyl phosphate + 
Lt-malate + DPN = citrate + phosphate + DPNH;. The samples contained 75 
uM Of potassium phosphate buffer, pH 7.4, 8 um of MgCl:, 20 um of L-cysteine, 100 
um of KCl, 21 units of CoA, 0.3 um of DPN, 11.5 units of transacetylase, 26 y of malic 
dehydrogenase, and 1.57 mg. of crystalline condensing enzyme with other additions 
as indicated below. Final volume made up with water to 3.0 cc. Temperature, 
24°. Corex cells, d = 10cm. Readings made against a blank cell containing all 
components except enzymes and coenzymes. Reaction started by adding con- 
densing enzyme at zero time. Curve A, 2.4 um each of acetyl phosphate and L-mal- 
ate present initially. At Arrow 1, addition of 100 um of citrate; at Arrow 2, addition 
of 24 um of L-malate; at Arrow 3, addition of 12 um of acetyl phosphate. Curve B, 
0.48 um each of acetyl phosphate and L-malate present initially. At Arrow 4, addi- 
tion of 100 us of citrate; at Arrows 5 and 6, addition of 1.2 and 2.4 uM of L-malate; 
at Arrow 7, addition of 2.4 um of acetyl phosphate. Readings corrected for dilution 
after additions. The increase of optical density beyond 0.62, the value correspond- 
ing to the 0.3 um of DPN added, is due to the presence of DPN in the CoA 
preparation. 


(Arrows 2, 6, and 10) brings about a further rapid reduction of DPN. The 
reversal of the reaction to a forward direction on addition of malate clearly 
shows that acetyl phosphate was formed from citrate and phosphate in the 
back-reaction, for, as shown in Fig. 1 (Curve C), there is no forward re- 
action in the absence of acetyl phosphate. 

Fig. 3 shows first the forward course of Reaction 5, then its reversal 
by addition of citrate (Arrows 1 and 4), and again its reversal to a forward 
direction by addition of malate (Arrows 2, 5, and 6) and acetyl phosphate 
(Arrows 3 and 7). In the experiment of Curve B the initial forward 
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reaction approached an equilibrium at the time citrate was added (Arrow 4). 
The initial concentrations of acetyl phosphate and malate were very low 
in this experiment (each 0.48 um per 3 cc.). It should be noted in the same 
experiment that, in the presence of citrate in high concentration, the re- 
action proceeds readily in the forward direction to new equilibrium points 
on addition of relatively small amounts of malate and acetyl phosphate 
(Curve B, Arrows 5, 6, and 7). 

The above observations clearly show that the equilibrium position of 
Reaction 5, and even more so that of Reaction 3, is far in the direction of 
citrate synthesis. It should be borne in mind that the equilibrium position 
of the malic dehydrogenase system (Reaction 4) is markedly in favor of 
t-malate. In spite of this the transacetylase-condensing enzyme system 
effectively drives Reaction 4 toward the right. On the other hand, the 
malic dehydrogenase system is also quite effective in driving Reaction 3 
toward the left when this direction is favored by high concentrations of 
citrate and phosphate. This is due to the efficient removal, through re- 
duction to malate, of the oxalacetate formed by the breakdown of citrate. 

Mechanism 

Several lines of evidence support the belief that the reaction catalyzed 
by the condensing enzyme is that formulated in Reaction 2. 

Isotope Experiments—The condensing enzyme catalyzes a slow exchange 
of acetyl-bound oxalacetate (i.e., oxalacetate bound as citrate) with free 
oxalacetate in the presence of CoA. As previously reported (9) the oxal- 
acetate exchange is obtained only when small amounts of the keto acid 
are present, and is markedly inhibited when the oxalacetate concentration 
is increased. This may be due to competition between oxalacetate and 
citrate for an active site on the enzyme. The experiments were conducted 
with citrate labeled with C™ in the two carboxyls of its oxalacetate moiety. 
The radioactive citrate formed by Aspergillus niger fermenting glucose in 
the presence of CO, was isolated from the growth medium as the quinidine 


_ salt.? The position of the label was determined by enzymatic degradation 
_ with aconitase and isocitric dehydrogenase, followed by oxidation of the 
resulting a-ketoglutarate with acid permanganate, as indicated in the dia- 


gram. Experimental details will be reported elsewhere. Similar results 
have recently been reported by Lewis and Weinhouse (10). The asym- 


| metric labeling of the citrate is in agreement with the results of Potter 


and Heidelberger (11) and Lorber et al. (12) and further confirms the 
Ogston hypothesis (13). Table III illustrates typical exchange experi- 
ments with the citrate described above. The exchange results in the for- 
mation of doubly labeled oxalacetate containing about equal amounts of 


* Spirtes, M. A., and Veiga Salles, J. B., unpublished experiments. 
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CH: CHOH (isocitric 
| (aconitase) | dehydrogenase) 
HO—C—C*OOH — HC—C*OoH — 
—2H 
CH, 
COOH COOH 
CO COOH 
| (acid KMnO,) 
+ — + CH; 
CH; 
COOH COOH 


C* in each of its carboxyl groups. There was no reaction in the absence 
of CoA (Experiment 2), but a definite, although small, exchange occurred 
in the absence of condensing enzyme (Experiment 1). The meaning of 
this result, which was obtained several times, is not clear at present. 
Some experiments were carried out with C"-citrate labeled in all carbons 
with results similar to those shown in Table III. This labeled citrate 
was prepared biosynthetically with A. niger fermenting sucrose labeled 
with C" in all carbons. The labeled sucrose, isolated from the leaves of 
plants after a period of photosynthesis in an atmosphere of C“Os, was 
generously made available to us by Dr. Martin Gibbs of the Brookhaven 
National Laboratory. 

Spectrophotometric Experiments—When CoA is added to a reaction mix- 
ture containing condensing enzyme, malic dehydrogenase, citrate, and 
DPNH:, the latter is oxidized to DPN. The reaction proceeds to an 
equilibrium position which, other conditions being equal, lies farther in the 
direction of DPNH, oxidation the higher the concentration of CoA (Fig. 
4, Curves Band C). At this point the reaction can be reversed to a new 
equilibrium point by addition of malate (Curves B and C, Arrows 2 to 8). 
This is evidence for the occurrence of Reaction 6 which, as already ex- 
plained, is the result of the coupling of the individual reactions catalyzed 
by the condensing enzyme and by malic dehydrogenase; i.e., Reactions 2 
and 4. Oxalacetate formed by the reaction between citrate and CoA, in 
the presence of condensing enzyme, is reduced to L-malate by DPNH;, 
in the presence of malic dehydrogenase. As previously explained, the 
breakdown of citrate through reversal of the reaction catalyzed by the 
condensing enzyme is facilitated by the removal of the oxalacetate formed. 
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This is effectively accomplished by the malic dehydrogenase system, the 
equilibrium position of which is markedly in favor of malate. The rate 


TaBLe III 
Enzymatic Exchange between C'*-Citrate and Ozalacetate 


1.0 ce. of each reaction mixture contained (in micromoles) phosphate buffer, 
pH 7.0, 50; magnesium chloride, 4; L-cysteine, 10; C-labeled sodium citrate, 20 
(31,000 counts per minute); oxalacetate, 2; and other additions as indicated. After 
incubation in a nitrogen atmosphere, the reaction was stopped with 0.2 cc. of 10.0 
n sulfuric acid. The mixture was flushed with CO, for 5 minutes and then with 
nitrogen for 2 minutes. 18 um of carrier oxalacetate were then added to each sam- 
ple. The oxalacetate (8-carboxyl) was decarboxylated by heat or, in a few in- 
stances, with aniline citrate. The residual pyruvate was decarboxylated with 
yeast carboxylase. The carbon dioxide was collected in alkali and counted as 
barium carbonate. The condensing enzyme used in these experiments was an 
amorphous fraction of specific activity 110, t.e. about 33 per cent pure. Experi- 
ments with crystalline enzyme gave identical results (9). The radioactive citrate 
was equally labeled in the two carboxyls of its oxalacetate moiety (770 ¢.p.m. per 
uM in each carboxyl). 


| | | Incubation Radioactivity in oxalacetate 
Experiment No. —— | CoA* Carboxyl of 
| | Time Temperature | 8-Carboxyl residual 
| | pyruvate 
units unils Ars. c. ¢.p.m. p.m. 
l | 0 20 5 25 21 
| 25 20 5 25 35 
50 20 5 25 101 108 
100 20 5 25 126 138 
250 20 5 25 128 144 
2 100 0 5 25 3 
100 aa 62 
100 5 | 25 98 
25 123 108 
3 | 100 20 | 0 25 4 
| 100 | @ 1 25 17 | 
«100 | 2 25 51 
8 25 103 
100 20 1 38 60 
100 20 2 38 6 


* In most cases a crude preparation from liver (1 unit per mg.) was used. This 
material, prepared in the laboratories of Parke, Davis and Company, was kindly 
supplied by Dr. D. Nachmansohn. A few experiments were carried out with a 


purer sample (30 units per mg.), described in Table II, with identical results. 


of Reaction 6 in the direction to the right should be greatly accelerated 
by removal of acetyl CoA through a reaction leading to regeneration of 
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OPTICAL DENSITY (A340 mz ) 
& 


20 40 

MINUTES 

Fic. 4. Spectrophotometric measurement of the reaction citrate + CoA + 
DPNH; = acetyl CoA + t-malate + DPN. The samples contained 75 um of potas- 
sium phosphate buffer, pH 7.4, 8 um of MgCl,, 20 us of L-cysteine, 100 us of citrate, 
32 y of malic dehydrogenase, and other additions, including DPNH;, CoA, and crys- 
talline condensing enzyme, as indicated below. Reaction started in all cases by 
addition of CoA at zero time. Final volume 3.0 cc. Temperature, 26°. Corex 
cells, d= 10cm. Readings made against a blank cell containing all components 
except enzymes and coenzymes. Curve A, 0.3 um of DPNH:, 0.27 mg. of condensing 
enzyme, and 68 units of CoA; at Arrow 1, 10 units of transacetylase added. Curve 
B, 0.267 um of DPNH,, 1.0 mg. of condensing enzyme, and 51 units of CoA; t-malate 
added as follows: at Arrow 2, 0.5 um, at Arrow 3, 1.0 wm, and at Arrow 4, 
5.0 um. Curve C, 0.226 um of DPNH:, 1.0 mg. of condensing enzyme, and 89.5 units 
of CoA; t-malate added as follows: at Arrow 5, 0.33 um, at Arrow 6, 0.33 um, at Arrow 
7, 0.67 um, and at Arrow 8, 10.0um. Readings corrected for dilution after additions. 


Tasie IV 
Synthesis of Citrate from Acetyl CoA and Oralacetate with Crystalline Condensing 
Enzyme 
The complete system contained 25 um of potassium phosphate buffer, pH 7.4, 
4 um of MgCl:, 10 um of L-cysteine, 5 um of oxalacetate, 0.2 um of acetyl CoA,* and 
60 y of condensing enzyme. Final volume, 1.0 cc. Incubation, 10 minutes at 23°. 


Components Citrate synthesis 


Munich, Germany. The amount used in this experiment contained 0.2 um of active 
acetyl based on sulfanilamide acetylation assays carried out by Dr. Lynen. 
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free, i.e. non-acetylated, CoA. As shown in Fig. 4, Curve A, this occurs 
when transacetylase is added (Arrow 1) in the presence of orthophosphate. 
Under the conditions of the above experiment, the reaction leads to the 
formation of acetyl phosphate, L-malate, and DPN from citrate, phos- 
phate, and DPNH; (Reaction 5, from right to left), with a shift of equilib- 
rium in the direction of citrate breakdown. 

Participation of Acetyl CoA—Direct proof that acetyl CoA reacts with 
oxalacetate to yield citrate, in the presence of crystalline condensing en- 
zyme, was made possible by Lynen and Reichert’s isolation of acetyl CoA 
(4) and is shown in Table IV. While, as previously pointed out (1), 
addition of cysteine is required for optimum rates of reactions involving 
CoA (1, 5, 14), this was not the case in the experiments with acetyl CoA. 
Cysteine probably acts by preventing oxidation of the active SH group 
of CoA to the inactive disulfide (4, 15, 16). Lynen and Reichert have 
presented evidence that acetyl CoA is an acetylated mercaptan of the 
structure R—S—CO—CHs, which cannot undergo such oxidation (4). 


Citrate As Acetyl Donor 


As already mentioned, the enzymatic breakdown of citrate via Reaction 
2 is facilitated by removal of oxalacetate, such as occurs when malic de- 
hydrogenase and DPNH;, are present. Reaction 6 is thus obtained. Prog- 
ress of Reaction 6 to the right should be further facilitated through re- 
conversion of the DPN to DPNH; by an independent reaction. This 
can be accomplished by coupling with a DPN dehydrogenase system. 
Coupling of the alcohol dehydrogenase system, which catalyzes Reaction 
9, with Reaction 6 results in the DPN-linked dismutation shown as Re- 
action 10. We have also used the glutamic dehydrogenase system for the 


(9) Ethanol + DPN = acetaldehyde + DPNH, (alcohol dehydrogenase) 
(10) Ethanol + citrate + CoA qoE™) acetaldehyde + acetyl CoA + 1-malate 


same purpose. In the presence of suitable acceptor systems, the acetyl 
group of acetyl CoA is transferred to the acceptor and CoA is regenerated 


for further reaction. 

When the above system is supplemented with transacetylase, in the 
presence of orthophosphate, citrate acts as an acetyl donor to the latter 
and acetyl phosphate is formed in amounts which can be readily deter- 
mined by the hydroxylamine method (17). Table V illustrates two typi- 
cal experiments. Similarly, sulfanilamide and choline are acetylated when 
the system is supplemented with pigeon liver extract and choline ace- 
tylase respectively. This is shown in Table VI. Sulfanilamide was deter- 
mined by the method of Bratton and Marshall (18); acetyl choline was 
determined by bioassay (19). The choline acetylation experiment, per- 
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TaBLe V 
Citrate As Acetyl Donor to Orthophosphate 


Each cc. of reaction mixture contained 4 um of MgCls, 10 um of L-cysteine, 50 
um of KCI, 10 units of CoA, 9 units of transacetylase, 0.1 um of DPN, crystalline 
yeast alcohol dehydrogenase, and 58 y of malic dehydrogenase. In addition, the 
reaction mixture of Experiment 1 contained, per cc., 89 um of potassium phosphate 
buffer, pH 7.4, 89 um of citrate, 9 um of ethanol, and 0.93 mg. of crystalline condens- 
ing enzyme; the reaction mixture of Experiment 2 contained, per cc., 100 um of 
potassium phosphate buffer, pH 7.4, 395 ua of citrate, 5 um of ethanol, and 1.2 mg. 
of condensing enzyme. The final volume in Experiment 1 was 2.8 cc.; in Experi- 
ment 2,4.4 cc. Incubation in nitrogen at 25°. Aliquots withdrawn at stated inter- 
vals for determination of acetyl phosphate as hydroxamiec acid. No hydroxamic 
acid was formed in the absence of transacetylase or condensing enzyme. Values 
given in micromoles per cc. of reaction mixture. 


- — 


Acetyl phosphate formed 
Experiment 1 Experiment 2 
min. 
0 0 | 0 

30 0.20 

60 0.32 0.34 

120 0.46 0.52 

180 | 0.55 | 

Tasie VI 


Citrate As Acetyl Donor to Sulfanilamide and Choline 

Each cc. of reaction mixture contained 4 um of MgCl;, 10 um of L-cysteine, 10 
units of CoA, 0.15 um of DPN, 100 um of citrate, 65 7 of malic dehydrogenase, 1.0 
mg. of crystalline condensing enzyme, and either 20 um of potassium phosphate 
buffer, pH 7.4 (Experiments 1 and 3), or 300) uu of THAM buffer, pH 7.4 (Experiment 
2). In addition, the complete System a contained crystalline yeast alcohol de- 
hydrogenase and either 20 (Experiment 1) or 5 aw (Experiment 3) of ethanol; the 
complete System 6 contained glutamic dehydrogenase and 10 um of glutamate. 
The acetyl acceptor system, in Experiments 1 and 2, consisted of a crude pigeon 
liver ammonium sulfate fraction between 0.4 and 0.7 saturation (20 mg. of protein) 
and 0.4 us of sulfanilamide; in Experiment 3, of a crude choline acetylase prepara- 
tion (squid ganglion extract with 2.7 mg. of protein) and 2) am of choline. The 
squid ganglion extract contained tetraethyl pyrophosphate to inhibit choline es- 
terase (19). Incubation in nitrogen. Values given in micrograms per cc. of re- 
action mixture. 
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a formed jointly with Dr. S. R. Korey and Dr. D. Nachmansohn, proves 
vt. | the correctness of Barron’s idea that citrate can contribute active acetyl 
‘hate | groups for the synthesis of acetyl choline through reversal of the con- 
jens- | densation reaction (20, 21). 


) mg. Properties of Transacetylase-Condensing Enzyme System 


oe The affinity of the condensing enzyme for oxalacetate is high. This 
is indicated by the experiments of Table VII which show the time course 
ilues | of citrate synthesis, with acetyl phosphate as acetyl donor, at low oxalace- 
tate concentrations. In Experiment | the rate of citrate synthesis was 
constant over a period of 15 minutes, indicating that during that time the 


TaB.e VII 
naany Citrate Synthesis in Transacetylase-Condensing Enzyme System As Function of Time 
The samples contained per cc., 100 um of THAM buffer, pH 8.0, 4 um of MgCl, 
10 um of L-cysteine, 100 um of KCI, 5 units of CoA, 1.4 units of transacetylase, 14 > 
of crystalline condensing enzyme, 25 um of acetyl phosphate, and OAA as indicated. 
Temperature, 25°. 


Experiment 1, 3.50 ua OAA per cc. Experiment 2, 0.96 wa OAA per ce. 
Time 
A citrate A citrate 
A citrate —— A citrate — 
min. eM per cc. aM per cc. 
2 +0.35 0.175 +0.35 0.175 
4 +0.79 0.197 +0.74 0.185 
10 +1.79 0.179 +0.90 0.09 
15 +2.65 0.176 +0.92 0.06 
20 +2.83 0.141 +0.92 0.05 


enzyme was saturated with oxalacetate. The concentration of oxalacetate 
_ | Temaining at the end of 15 minutes was 3.50 — 2.65 = 0.85 uM per ce. or 

- about 0.8 x 10-* mu. In Experiment 2 the rate was constant for 4 min- 
utes. The calculated concentration of oxalacetate remaining (after 3 
minutes) was 0.96 — 0.55 = 0.41 um per cc. or 0.4 X 10-*m. Thus, under 
the conditions of the above experiments a concentration between 0.4 and 
0.8 < 10-* m oxalacetate was sufficient to saturate the condensing enzyme. 
: With a constant concentration of condensing enzyme and with an excess 
t 5, of oxalacetate, the rate of citrate synthesis will be a function of the con- 
- centration of acetyl CoA as long as the condensing enzyme is not saturated 
with the latter. When acetyl CoA is generated from acetyl phosphate 
and CoA by the action of transacetylase, the concentration of acetyl CoA 
made available in a given time, in the presence of a given concentration 
of acetyl phosphate, will depend on the concentration of both transace- 
tylase and CoA. Even if transacetylase becomes saturated with CoA, the 
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rate of citrate synthesis may increase on increasing the CoA concentration 
further because of the displacement toward acetyl CoA of the equilibrium 
position of the transacetylase system. Typical experiments concerning 
the above points are shown in Fig. 5. With high concentrations of con- 
densing enzyme the rate of citrate synthesis was a linear function of the 
CoA concentration within the range investigated (Fig. 5, A, Curve 3), 
but increasing concentrations of transacetylase did not result in a linear 
increase in the rate of citrate synthesis under similar conditions (Fig. 5, 
B, Curve 3). In the latter case the rate of attainment of equilibrium of 
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UNITS CoA TRANSACETYLASE 

Fig. 5. Citrate synthesis in the transacetylase-condensing enzyme system as a 
function of the CoA and transacetylase concentration. The samples contained 
100 uu of THAM buffer, pH 8.05, 4 ut of MgCl,, 10 ut of L-cysteine, 100 uu of KCl, 
25 ue of acetyl phosphate, 30 um of oxalacetate, and CoA, transacetylase, and crys- 
talline condensing enzyme as indicated below. Final volume made up with water 
to 10 ce. Incubation, 10 minutes at 25°. A, increasing CoA and constant trans- 
acetylase (1.54 units); B, increasing transacetylase and constant CoA (10 units). 
Condensing enzyme, Curves 1, 25.4 7; Curves 2, 63.6 7; Curves 3, 254 +. 


the transacetylase reaction must be a linear function of the concentration 
of the enzyme, but the concentration of acetyl CoA at equilibrium re- 
mains the same. As long as the condensing enzyme was in excess, the 
rate of citrate synthesis was found to be roughly proportional to the 
product of the CoA and transacetylase concentrations. Similar results 
for the rate of arsenolysis of acetyl phosphate by transacetylase were 
previously obtained by one of us (E. R. 8.). 


On the basis of the structure proposed by Lynen and Reichert for acetyl 
CoA (4) and of the evidence presented in this paper, the reaction catalyzed 
by the condensing enzyme may be formulated as shown in the diagram. 
This formulation is further supported by recent experiments showing that 
synthesis of citrate from acetyl CoA and oxalacetate, in the presence of 
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COOH 0 cooH 
+ H,0 = HO—C—CH,;—COoH + H8S—R 
on, on, 
boon COOH 
Oxalacetic Acetyl Co Citric acid CoA 
ac 


crystalline condensing enzyme, is accompanied by the appearance of an 
equivalent amount of sulfhydryl groups.‘ Acetyl CoA may exist in so- 
lution as an equilibrium of the tautomeric forms CH;—CO—S—R = 
CH=C(OH)—S—R. Since, as far as it is known at present, the. same 
acetyl CoA is active in reactions involving both the transfer of acetyl 
(acetylation of choline, sulfanilamide, amino acids) and the transfer of 
acetate (citrate synthesis, acetoacetate synthesis), such an equilibrium 
may explain the activation of both ends of the acetic acid molecule (22). 
It is now evident that CoA acts as a carrier of acetyl (or acetate) groups 
in much the same manner as the pyridine nucleotides act as carriers of 
hydrogen (and electrons) and adenosinediphosphate as a carrier of phos- 
phate. Evidence that the oxidation of pyruvate requires the presence 
of CoA and results in acetyl transfer with formation of acetyl CoA has 
been briefly reported (23, 24) and will be discussed in detail in Paper IV 
(25). Recent work suggests that the function of CoA may not be limited 
to the transfer of acetyl groups, but that it may also involve transfer of 
other acyl groups. Thus, Chantrenne has found a requirement for CoA 
in hippuric acid synthesis (26) and, as found in this laboratory, CoA is 
required for oxidation of a-ketoglutarate by soluble enzyme preparations 
from pig heart and is involved in a phosphorylation reaction coupled with 
the oxidation.® 

As already pointed out, the equilibrium position of the reaction catalyzed 
by the condensing enzyme is markedly in favor of citrate synthesis. The 
equilibrium constant of Reaction 2 (K,) can be calculated from the equilib- 
rum constants of Reactions 4 (K;) and 6 (AK), since K = K,/K2° In 


kK, —Ltitrate) (CoA). (t-malate) (DPN) 
(acetyl CoA) (OAA)’ (OAA) (DPNH,) 
(citrate) (CoA) (DPNH,) 


(acetyl CoA) (t-malate) (DPN) 


‘ Stern, J. R., Ochoa, 8., and Lynen, F., unpublished experiments. 

* Kaufman, 8., and Ochoa, 8., unpublished experiments. 

*For this calculation it was assumed that pure coenzyme A contains 360 units 
per mg. and that its molecular weight is 766. Lipmann, F., personal communication. 
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spectrophotometric experiments' K has been determined to be about 5] 
and K; about 10°. Thus, A; > 5 X 10°. It is apparent that the forma-]} jg f 
tion of citrate and CoA from oxalacetate and acetyl CoA proceeds with a} yer; 


decrease of free energy of the order of —8000 calories, indicating that the] 4 a 
thioester bond in acetyl CoA must be an energy-rich bond (12,000 to} oxq 
13,000 calories). The high energy content of acetyl CoA, already pointed] the 
out by Lynen and Reichert (4), could also be inferred from the fact that] Coy 
the reaction catalyzed by transacetylase (Reaction 1) appears to be readily | geet 
reversible (7). of a 
Methods 

i 

Highly purified malic dehydrogenase was prepared from pig heart by “9 
the method of Straub (27). We are indebted to Mr. I. Harary for this} 7 
preparation. The enzyme, assayed as previously described (28), had a} , 4 


specific activity of 62,000 units per mg. When kept at 3—4° as a suspen- 
sion in 70 per cent saturated ammonium sulfate, the activity of the enzyme 
remained unchanged for many months. The transacetylase was a highly 
purified preparation from C. kluyveri (7), the specific activity of which was 
500 units per mg. of protein. Solutions of this enzyme were kept frozen at 
— 18° for several months without loss of activity. Crystalline lactic de- 
hydrogenase from rabbit muscle was supplied by Dr. 8. Korkes. Crystal- 
line yeast aleohol dehydrogenase (29) was supplied by Dr. E. Racker. 
Partially purified glutamic dehydrogenase from beef liver was supplied 
by Dr. 8S. Ratner. Yeast carboxylase was prepared by the method of 
Green et al. (30). 

Unless otherwise stated, the coenzyme A used in this work was prepared 
from extracts of C. kluyveri by adsorption on charcoal and elution with 
pyridine. The purity of these preparations, assayed by the method of 
Kaplan and Lipmann (5) or by the transacetylase arsenolysis test (7) 
against a standard defined in terms of Kaplan and Lipmann’s assay, was 
from 75 to 90 units per mg. These preparations contained relatively large ’ 
amounts of DPN (about 0.2 um per mg.). DPNH, was prepared by Ohl-- 
meyer’s method (31) from commercial samples of DPN of about 60 per sy 
cent purity. Commercial tris(hydroxymethyl)aminomethane was recrys- 
tallized three times from alcohol. 

Other preparations and analytical methods not described elsewhere in 
this paper were as in previous work (1, 2). | 


SUMMARY 


1. The condensing enzyme catalyzes a reversible reaction between acetyl 
coenzyme A and oxalacetate to yield coenzyme A and citrate. The equi- 
librium position of this reaction is markedly in favor of citrate synthesis. 
These conclusions are based on the following evidence. 
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In the presence of transacetylase and coenzyme A, acetyl coenzyme A 
is formed from acetyl phosphate, since transacetylase catalyzes the re- 
versible conversion of acetyl phosphate and coenzyme A to acetyl coenzyme 
Aand orthophosphate. In the presence of malic dehydrogenase and DPN, 
oxalacetate is formed from L-malate, since malic dehydrogenase catalyzes 
the reversible conversion of t-malate and DPN to oxalacetate and DPNHg. 
Coupling of the three reactions catalyzed by the condensing enzyme, trans- 
acetylase, and malic dehydrogenase results in the reversible conversion 
of acetyl phosphate, L-malate, and DPN to citrate, orthophosphate, and 
DPNH,; in the presence of catalytic amounts of coenzyme A. This re- 
action can be readily followed in the spectrophotometer in either direction. 
Its equilibrium position is far toward citrate synthesis. 

The condensing enzyme catalyzes an exchange of acetyl-bound oxal- 
acetate (i.e., oxalacetate bound as citrate) with free oxalacetate in the 
presence of coenzyme A. These experiments were carried out with citrate 
labeled with C™ in the two carboxyls of its oxalacetate moiety. 

Lynen and Reichert’s acetyl coenzyme A reacts with oxalacetate to form 
citrate in the presence of crystalline condensing enzyme. 

2. Because of the reversibility of the reaction catalyzed by the condens- 
ing enzyme, citrate can act as an acetyl donor to acceptors such as ortho- 
phosphate, sulfanilamide, and choline in the presence of suitable acceptor 
enzymes, viz. transacetylase, the sulfanilamide-acetylating enzyme of pi- 
geon liver, and choline acetylase. 

3. The condensing enzyme has high affinity for oxalacetate. The en- 
zyme is saturated at concentrations of oxalacetate between 0.4 and 0.8 
xX M. 

4. The mechanism of the reaction catalyzed by the condensing enzyme 
is discussed in the light of recent work on the structure of coenzyme A and 
of Lynen’s findings on the nature of acetyl coenzyme A. Preliminary 
estimates are given of the free energy change of the reaction based on 


- measurements of the equilibrium constant. 


We are much indebted to Mr. Morton C. Schneider for help with the en- 
zyme preparations and to Mr. Tibor G. Farkas for technical assistance. 
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ENZYMATIC SYNTHESIS OF CITRIC ACID 
IV. PYRUVATE AS ACETYL DONOR* 


By SEYMOUR KORKES, ALICE pet CAMPILLO, I. C. GUNSALUS,t 
anp SEVERO OCHOA 


(From the Department of Pharmacology, New York University College of 
Medicine, New York, New York) 


(Received for publication, July 30, 1951) 


Evidence has been presented in Papers II and III (1, 2) that the syn- 
thesis of citric acid, catalyzed by the condensing enzyme, occurs through 
a reaction between acetyl CoA and oxalacetate to yield citrate and CoA.! 
In the oxidation of foodstuffs through the Krebs tricarboxylic acid cycle, 
acetyl groups for citrate synthesis are generated by oxidation of pyruvate 
and of fatty acids (3), and it is now apparent that such oxidation must 
result in the formation of acetyl CoA. Acetyl CoA must also be formed 
by breakdown of 8-keto fatty acids, which are known to yield acetyl 
groups for citrate synthesis (3, 4). The manner in which pyruvate par- 
ticipates in the synthesis of citric acid has now been elucidated. 

As reported in a preliminary note (5), soluble enzyme preparations from 
Escherichia coli and Streptococcus faecalis catalyze the dismutation of 2 
molecules of pyruvate to acetyl phosphate, carbon dioxide, and lactate 
when orthophosphate is present. The system is inactive in the absence 
of added DPN. The dismutation can be formulated as follows: 


(1) Pyruvate + phosphate + DPN — acetyl phosphate + CO, + DPNH;: 
(2) Pyruvate + DPNH; — lactate + DPN (lactic dehydrogenase) 


(3) Sum, 2 pyruvate + phosphate — acetyl phosphate + CO; + lactate 


Both the E. coli and S. faecalis extracts contain lactic dehydrogenase. In 
the absence of phosphate, the reaction rate is sharply reduced and no 
acetyl phosphate is formed. However, if condensing enzyme and oxal- 
acetate are added, the dismutation proceeds at the same or higher rate as 
in the presence of phosphate and citrate is formed instead of acetyl phos- 
phate (5). The reaction taking place under these conditions is Reaction 

* Aided by grants from the United States Public Health Service, the American 
Cancer Society (recommended by the Committee on Growth of the National Re- 
search Council), the Office of Naval Research, the Rockefeller Foundation, and 
the Lederle Laboratories Division, American Cyanamid Company. 

t Fellow of the John Simon Guggenheim Memorial Foundation. Permanent 
address, Department of Bacteriology, University of Illinois, Urbana, Illinois. 

' The abbreviations used are the same as in Paper III (2). 
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4. These results proved that oxidation of pyruvate can yield directly 
(4) 2 pyruvate + oxalacetate — citrate + CO, + lactate 


acetyl groups for citrate synthesis without the intermediary formation of 
acetyl phosphate and that orthophosphate is not an obligatory reactant 
in the oxidation of pyruvate. 

The pyruvate oxidation system of FL. coli has now been partially puri- 
fied. ‘Two enzyme fractions, referred to as Fractions A and B, have been 
isolated which, in the presence of DPN and CoA, catalyze the conversion 
of pyruvate either to acetyl phosphate, provided transacetylase and ortho- 
phosphate are added, or to citrate, provided condensing enzyme and oxal- 
acetate are present (3, 6). There is no reaction in the absence of either 
acetyl acceptor system (i.¢., transacetylase-orthophosphate or condensing 
enzyme-oxalacetate). The system also requires diphosphothiamine. In 
view of our knowledge of the mechanism of the reactions catalyzed by 
transacetylase and by the condensing enzyme (2), it can be concluded 
that the enzyme Fractions A and B from E. coli catalyze the over-all 
Reaction 5. 


(5) Pyruvate + DPN + CoA — acetyl CoA + CO, + DPNH; 


Soluble enzyme preparations have recently been obtained from pig heart 
with which the results obtained with the Z. coli preparations have been 
duplicated.? Since animal tissues contain no transacetylase and acetyl 
phosphate does not occur in them as a free metabolic intermediate, it is 
of some interest that the pig heart system can convert pyruvate + phos- 
phate to acetyl phosphate on addition of bacterial transacetylase. These 
results prove the general validity of the results obtained with the EZ. coli 
enzymes. 

Pyruvate Dismutation in Bacterial Extracts—Table I illustrates typical 
results obtained with extracts of /. coli and S. faecalis prepared and dia- 
lyzed as previously described (5). Balance experiments showed that in 
the case of System 1 approximately | mole each of acetyl phosphate, 
carbon dioxide, and lactate was formed for 2 moles of pyruvate disappear- 
ing, thus fulfilling Reaction 3. The reaction shows a strict dependence 
on the presence of orthophosphate and DPN. The S. faecalis extracts 
also contain a very active enzyme system catalyzing the conversion of 2 
molecules of pyruvate to | of acetylmethylcarbinol and 2 of carbon dioxide. 
For this reason the production of carbon dioxide is not a measure of the 
dismutation alone in this case and has been omitted from Table I. It 
is evident that the presence of orthophosphate is not necessary for citrate 


? Korkes, 8., del Campillo, A., and Ochoa, S., unpublished experiments. 
3 Dolin, M. I., and Gunsalus, I. C., personal communication. 
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synthesis when the system is supplemented with oxalacetate and condens- 
ing enzyme (System 2). Actually the rate of citrate synthesis was greater 
in the absence than in the presence of orthophosphate. Since transacetyl- 
ase is present in both bacterial extracts, this result is probably due to com- 
petition between phosphate and oxalacetate for acetyl groups from py- 
ruvate (cf. Fig. 2). System 2 also shows a strict DPN dependence. The 
S. faecalis extracts were completely free of condensing enzyme and no 


TaBLe I 
Pyruvate As Acetyl Donor for Acetyl Phosphate and Citrate Synthesis in Bacterial 
Extracts 
The complete System 1 contained per cc. either 50 um of potassium phosphate 
buffer, pH 7.4, or 20 um of tris(hydroxymethyl)aminomethane buffer of the same 
pH, 2.4 um of MgCle, 1.6 um of MnCl2, 20 um of L-cysteine, 0.15 um of DPN, 0.1 um 
of diphosphothiamine, 5 units of CoA, 50 um of pyruvate, and either dialyzed EZ. 
coli (strain 4157) extract with 6 mg. of protein or dialyzed S. faecalis extract with 
7 mg. of protein. The complete System 2 contained, in addition, 20 um of oxal- 
acetate and 50 y of crystalline condensing enzyme. Gas, nitrogen; temperature, 
25°. Incubation time, System 1, 40 minutes; System 2, as indicated. Values given 
in micromoles per cc. of reaction mixture. 


System 1 System 2 
Extract Components CO: —_ Citrate synthesis 

tion |,yBthesis| § min. | 10 min.| 20 min. | 40 min. 

EB. coli Complete 2.9 | 1.6 0.61 | 1.42 | 3.02 
No phosphate* 0.6 | 0.1 0.64 | 1.51 | 3.38 

DPN 0.2) 0.1 

** phosphate, no DPN 0.09 

8. faecalis Complete 3.2 | 0.47 | 0.88 | 1.82 | 3.34 
No phosphate* 0.3 | 0.66 | 1.21 | 2.30 | 4.65 

‘* condensing enzyme 0 


. Orthophosphate present in reaction mixture, 0.06 to 0.08 um per cc. 


citrate synthesis occurred unless this enzyme was added. Balance ex- 
periments showed that 1 mole of lactate was formed per mole of citrate 
synthesized, in agreement with Reaction 4. Because of the presence of 
oxalacetate, which is decarboxylated to pyruvate and carbon dioxide by 
the bacterial extracts, evolution of carbon dioxide and pyruvate disappear- 
ance were not determined in this case. 

When E. coli extracts are dialyzed against neutral solutions, no addi- 
tion of diphosphothiamine is required for optimum activity of the py- 
ruvate dismutation system. When they are dialyzed against pyrophos- 
phate buffer at pH 8.6 and subsequently against a neutral salt solution 
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to remove the pyrophosphate, there is little or no activity unless diphos- 
phothiamine is added along with the other components of the system. As 
shown in Table II, this is true of both the carbon dioxide evolution due 
to Reaction 3 and the citrate synthesis reaction. 

Isolation of Pyruvate Oxidation Fractions from E. coli—tLyophilized cells 
of FE. coli (strain 4157), grown as previously described (4), were used 
throughout this work. The dry powder was ground in a mortar at room 
temperature with twice its weight of alumina‘ and 15 to 16 volumes of 
0.066 mM potassium phosphate buffer, pH 7.0; the mixture was then cen- 
trifuged at 3-4° and 13,000 r.p.m. for 30 minutes or longer and the super- 


TABLE II 
Diphosphothiamine Dependence 

The complete System 1 contained 100 um of potassium phosphate buffer, pH 7.4, 
2.5 um of MnCl, 6.4 um of L-cysteine, 0.15 um of DPN, 0.2 um of diphosphothiamine, 
4 units of CoA, 50 um of pyruvate, lactic dehydrogenase (1600 units), transacet ylase 
(5 units), and 1.0 ce. of EZ. coli extract* with 12.5 mg. of protein. System 2 differed 
from System 1 in that it contained 4 um of MgCl, besides MnCl:, 12.8 um of L-cys- 
teine, 30 um of oxalacetate, 38 7 of crystalline condensing enzyme, and no trans- 
acetylase. Final volume, 2.0 cc.; gas, nitrogen; incubation, 60 minutes at 25°. 
Values given in micromoles. 


| | 
| evolution | Citrate synthesis 

No diphosphothiamine...................... 0.13 | 0 


* Extract dialyzed at 3-4° for 24 hours against 0.025 m sodium pyrophosphate, 
pH 8.6, and then overnight against 0.9 per cent potassium chloride containing 0.005 
M L-cysteine, pH 7.0. 


natant extract was dialyzed at 3—4° against 0.9 per cent potassium chloride 
containing 0.005 m L-cysteine. As judged by the low ratio of light ab- 


sorption at the wave-length 280 mu to that at 260 my (7), these extracts 


contain large amounts of nucleic acid which have been found to interfere © 


with the subsequent fractionation. Treatment of the extracts with 0.05 
their volume of 1.0 m manganous chloride precipitates a fairly large amount 
of nucleic acid and makes possible the fractionation of the pyruvate oxi- 
dation enzymes in the supernatant solution. Unfortunately, this treat- 
ment results in a large loss of the pyruvate enzymes. 

The assay was based on the rate of CO, evolution from pyruvate at pH 
6.0 and 25° in the dismutation system of Reaction 3. The volume of 
CO, produced was calculated by correcting the vessel constant for the 
small CO, retention at pH 6.0. The reaction mixtures contained 100 uM 


* A-301, -325 mesh (Aluminum Company of America). 
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of potassium phosphate buffer, pH 6.0, 2.5 um of MnCl; 6.4 um of L- 
cysteine, 0.15 um of DPN, 0.2 um of diphosphothiamine, 5 units of CoA, 
50 um of pyruvate, lactic dehydrogenase (2000 units), and enzyme; final 
volume, 1.5 cc.; nitrogen in the gas phase. ‘The reaction was started by 
tipping in the pyruvate from the side bulb of the Warburg vessels after 
temperature equilibration. 1 unit was taken as the amount of enzyme 
causing an evolution of 1 ¢.mm. of CO, per hour under the above conditions. 

Separation of Two Fractions with Ammonium Sulfate—The supernatant 
solution from the manganous chloride precipitation was dialyzed as before, 
cooled to 0°, and adjusted to pH 6.0 with dilute acetic acid. It was then 
fractionated with solid ammonium sulfate with mechanical stirring. Three 


TaB.eE III 
Fractionation of E. coli Extract 
40 gm. of lyophilized Z. coli (strain 4157) extracted with 630 cc. of 0.066 m potas- 
sium phosphate buffer, pH 7.0, and 80 gm. of alumina. 


Light 
Step Volume | Units* | Protein] Specie | vield 
ratiot 
ce. me. in | er cont 
485 122,000 | 9700 | 0.53 | 13 100 
Dialyzed extract................... 512 140,000 | 7200 | 0.55; 19 116 
Mn** supernatant (dialyzed).......| 500 22,200 | 3900 | 0.71 6 18 
(NH,)2S0, (0-0.45 saturation)...... 34 13,000 | 830) 0.78 | 16 11 
- (0.6-1.0 as ae 45.5 300 | 386 | 0.70 0.8 0.25 
- fractions combined.....| 79.5 | 25,400 | 1216 21 21 


- 


1 unit = 1.0 ¢c.mm. of CO, per hour at pH 6.0 and 25°. 


fractions were obtained, Fraction I between 0 and 0.45, Fraction II be- 
tween 0.45 and 0.60, and Fraction III between 0.60 and 1.0 ammonium 
sulfate saturation. The precipitates were dissolved in 0.02 m potassium 
phosphate buffer, pH 7.0, and dialyzed overnight against the same buffer 
at 3-4°. When assayed separately, Fraction I was found to have about 
half of the original activity, whereas the activity of Fraction II] was very 
low. The activity of Fraction IL was intermediate. Both Fractions I 
and II contained transacetylase. Fraction III was almost free from trans- 
acetylase. When Fractions I and ILI were combined, the activity was 
about twice as high as the sum of the activities of the separate fractions. 
Thus two enzymes of the pyruvate oxidation system were partially sepa- 
rated. The results of a typical fractionation are illustrated in Table IIT. 
The procedure has been repeated a number of times with fairly uniform 
results. 
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Further Purification of Ammonium Sulfate Fractions—The activity per 
mg. of protein of Fraction I, when assayed in the presence of an excess 
of Fraction III, was about 30. The specific activity was raised to « value 
between 60 and 100 by heat denaturation, followed by refractionation 
with ammonium sulfate. Heating completely destroys the transacetylase 
present in the ammonium sulfate fractions. 

The following describes a typical preparation. The solution of Fraction 
I, containing 24.4 mg. of protein per cc., was brought to pH 6.0 with dilute 
acetic acid and heated for 10 minutes at 50°. The copious protein pre- 
cipitate was removed by centrifugation. To the supernatant solution, 
containing 8.3 mg. of protein per cc., solid ammonium sulfate was added 
to 0.45 saturation; the precipitate was dissolved in 0.02 m potassium phos- 
phate buffer, pH 7.0, and the solution dialyzed overnight at 3-4° against 
the same buffer. This will be referred to as Fraction A. The solution 
contained 8.3 mg. of protein per cc. and the light absorption ratio (see 
Table III) was 1.3. It was free from transacetylase. The solution of 
Fraction III, containing 8.5 mg. of protein per cc., was adjusted to pH 
6.0 and 0.07 volume of a solution of 2 per cent protamine sulfate adjusted 
to pH 6.0 was added. The precipitate was centrifuged and to the super- 
natant solution was added solid ammonium sulfate to 0.7 saturation. The 
solution of the precipitate (containing 19 mg. of protein per cc.; light 
absorption ratio, 1.4) was adjusted to pH 6.0 and heated for 5 minutes 
at 60°. The large protein precipitate was centrifuged, yielding a solution 
containing 10 mg. of protein per cc. with a light absorption ratio of 1.3. 
This fraction, which was also free of transacetylase, will be referred to as 
Fraction B. Fractions A and B kept their activity for at least 2 weeks 
when stored in the refrigerator at 3-4°, and for much longer periods if 
stored at —18°. 

When assayed in the standard test system, in the presence of added 
transacetylase, Fraction A has some activity which is undoubtedly due to 
slight contamination with Fraction B. Fraction B has practically no 
activity by itself. Similar results are obtained in the case of citrate syn- 
thesis when oxalacetate and condensing enzyme are substituted for ortho- 
phosphate and transacetylase. Both Fractions A and B must be present 
together for activity. When one of the fractions is in excess, the rate of 
reaction is proportional to the amount of the other fraction present. This 
is illustrated in Fig. 1. Curve 1 gives the rate of CO, evolution in the 
standard test system (with added transacetylase) as a function of the con- 
centration of Fraction B in the presence of an excess of Fraction A. Curve 
2 gives the rate of citrate synthesis, on substitution of condensing enzyme 
(and oxalacetate) for transacetylase, as a function of the concentration of 
Fraction A in the presence of an excess of Fraction B. 
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Mechanism of Pyruvate Oxidation—Experiments with the partially puri- 
fied Fractions A and B of E. coli showed that pyruvate requires CoA for 
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Fic. 1. Pyruvate dismutation as a function of the concentration of enzyme Frac- 
tions A and B. The samples of Curve 1 contained 100 um of potassium phosphate 
buffer, pH 6.0, 2.5 um of MnCl, 6.4 um of L-cysteine, 0.15 um of DPN, 0.2 um of di- 
phosphothiamine, 6 units of CoA, 50 um of pyruvate, lactic dehydrogenase (2000 
units), transacetylase (7 units), Fraction A with 10 mg. of protein, and variable 
amounts of Fraction B containing 25.8 mg. of protein per cc. The samples of Curve 
2 differed from those of Curve 1 in that they contained 30 um of potassium phosphate 
buffer, pH 7.4, 4.0 um of MgCl, (besides MnCl,), 30 um of oxalacetate, 75 y of crystal- 
line condensing enzyme, Fraction B with 4.15 mg. of protein, variable amounts of 
Fraction A, containing 8.8 mg. of protein per cc., and no transacetylase. Final 
volume, 1.7 cc. Gas, nitrogen; incubation, 30 minutes at 25°. 


PYRUVATE + DPN + CoA—>[ACETYL—CoA] + + DPNH> 


(-OAA) \(+0AA) 


b ACETYL-P + CoA CITRATE + CoA ¢ 


Fic. 2. Pyruvate oxidation and its coupling with acetyl phosphate and citrate 
synthesis. The over-all Reaction a is catalyzed by enzyme Fractions A and B. 
Reaction b is catalyzed by transacetylase, Reaction c by the condensing enzyme. 
P = orthophosphate, OAA = oxalacetate, acetyl P = acetyl phosphate. 


reaction and strongly suggested that, in the presence of CoA and DPN, 
pyruvate is oxidized to yield acetyl CoA, CO, and DPNH, (Fig. 2, Re- 
action a). When CoA is present in catalytic amounts, as is the case in 
our experiments as well as in the cell, the reaction cannot proceed to any 
significant extent unless the acetyl group is passed on to another acceptor, 
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thus releasing CoA for further reaction. This can occur in several ways. 
In the presence of orthophosphate and transacetylase, acetyl CoA is split 
by phosphate to yield acetyl phosphate and CoA (Reaction 6). In the 
presence of oxalacetate and condensing enzyme, acetyl CoA is split by 
oxalacetate to yield citrate and CoA (Reaction c). Under our conditions, 
the DPNH, formed through Reaction a is reoxidized by pyruvate in the 
presence of lactic dehydrogenase (Reaction 2) to yield DPN and lactate. 

Evidence for the above mechanism is given in Tables IV and V. In the 
presence of transacetylase and orthophosphate (Table IV), the complete 


Tasie IV 
Pyruvate Dismutation (Acetyl Phosphate Synthesis) with Purified Enzyme Fractions 
A and B 
The complete system contained 100 um of potassium phosphate buffer, pH 7.4, 
2.5 um of MnCl», 6.4 ue of L-cysteine, 0.15 um of DPN, 0.2 um of diphosphothiamine, 
5 units of CoA, 40 um of pyruvate, lactic dehydrogenase (2000 units), transacetylase 
(15 units), and enzyme Fractions (Table IIT) A (1.6 mg. of protein) and B (1.9 mg. 
of protein). Final volume, 1.5 cc.; gas, nitrogen; incubation, 30 minutes at 25°. 
Values given in micromoles. 


| Pyruvate Lactate ia. | CO: 

No Fraction A... aes —0.2 +0.1 | 0 | 0 
| 40.2 | +0.1 
transacetylase.__. —0.6 +0.3 40.2 | +46.1 
TPN instead of DPN.......... | 40.5 
| 408 | 403 | +4607 


system catalyzed a dismutation according to Reaction 3. The presence 
of both Fractions A and B and, in accordance with Fig. 2, Reactions a and 
b, the presence of transacetylase, CoA, and DPN was essential for activity. 
TPN could not replace DPN. The dependence on orthophosphate and 
diphosphothiamine has already been mentioned. In the presence of oxal- 
acetate and condensing enzyme (Table V), the complete system formed 
about equimolecular amounts of citrate and lactate, in agreement with 
Reaction 4. The presence of Fractions A and B and, in accordance with 
Fig. 2, Reactions a and c, the presence of condensing enzyme and CoA 
was essential for activity. The need of DPN and diphosphothiamine for 
this reaction has already been demonstrated in experiments with the bac- 
terial extracts (Tables I and IL). It will be seen in Table V that the syn- 
thesis of citrate was somewhat decreased on addition of transacetylase. 
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Since orthophosphate was present, the decreased citrate synthesis, as al- 
ready discussed, was probably due to competition between phosphate and 
oxalacetate for the acetyl groups from pyruvate (cf. Fig. 2). 

As already mentioned, the E. coli extracts contain a DPN-specific lactic 
dehydrogenase. This enzyme still contaminates the partially purified 
Fractions A and B and hence dependence of the activity of the system on 
addition of lactic dehydrogenase was only partial. This dependence was 


TaBLe V 
Pyruvate Dismutation (Citrate Synthesis) with Purified Enzyme Fractions A and B 


The complete system contained 30 um of potassium phosphate buffer, pH 7.4, 
4.0 um of MgCls, 2.5 um of MnCle, 6.4 um of L-cysteine, 0.15 um of DPN, 0.2 um of 
diphosphothiamine, 5 units of CoA, 40 um of pyruvate, 30 um of oxalacetate, lactic 
dehydrogenase (2000 units), 75 7 of crystalline condensing enzyme, and enzyme 
fractions (in mg. of protein) as follows: Experiment 1, Fraction A, 1.6; Fraction B, 
1.9; Experiment 2, Fraction A, 0.67; Fraction B, 1.23; Experiment 3, Fraction A, 
0.5; Fraction B, 1.9. The fractions used in Experiment 1 were those described in 
Table III and the same as in Table IV. Final volume, 1.6 cc.; gas, nitrogen; incu- 
bation at 25°; Experiment 1, 30 minutes; Experiments 2 and 3, 60 minutes. Values 
given in micromoles. The figures in parentheses (Experiment 1) are from a separate 
run with the same enzyme fractions. 


— 


Experiment 1 A citrate 
Additions 

44.5 (+5.3) | +4.4 | 46.3 | +7.2 
No Fraction A.......................| +0.]11 (+0.1) +0.14 +0.15 | +0.11 
+0.72 (+0.76) | +0.84 | +0.75 
condensing enzyme... ...| +0.50 
Complete +  transacetylase (15 


* The complete system contained no transacetylase. 


more marked at pH 6.0 than at pH 7.4 and is illustrated in Table VI by 
two experiments carried out at the lower pH in the presence of trans- 
acetylase. The reaction at pH 6.0 is about half as fast as at pH 7.4. 
These experiments demonstrate the correctness of the formulation of Re- 
action 3 as a DPN-linked dismutation through coupling of Reactions 1 
and 2. Similarly, Reaction 4 must be a dismutation resulting from the 
coupling of Reaction 6 with Reaction 2. Reaction 6 (the net result of 
Reactions a and c, Fig. 2) is catalyzed by enzyme Fractions A and B and 


(6) Pyruvate + oxalacetate + DPN — citrate + CO; + DPNH, 
condensing enzyme in the presence of CoA. Direct spectrophotometric 
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determination of DPN reduction through either Reaction 1 or Reaction 6 
has not yet been possible; because of the contamination of Fractions A 
and B with lactic dehydrogenase, DPNH,; is rapidly oxidized to DPN in 
the presence of pyruvate. It should be mentioned that the E. coli frac- 
tions catalyze neither the decarboxylation of pyruvate nor the oxidation 
of acetaldehyde. 

The requirement of the pyruvate oxidation system for CoA is paralleled 
by its requirement in the pyruvate-formate exchange reaction recently 
demonstrated by Chantrenne and Lipmann (8) (cf. also Strecker (9)). 
Whether the pyruvate oxidation factor of O’Kane and Gunsalus (10) is 
involved in our system has not yet been established. The £. coli enzyme 
fractions have been found to contain the factor. 

We have evidence that Reaction a (Fig. 2) can also be catalyzed by 


Taste VI 


Dependence of Pyruvate Dismutation on Lactic Dehydrogenase 
Potassium phosphate buffer, pH 6.0; otherwise as in Table IV. Experiments | 
and 2 carried out with two different preparations of Fractions A and B. 


Experiment 1 Experiment 2 
Additions 
5 COs Ors — 
Complete......_.. +2.2 +2.1 +2.1 +2.3 
No transacetylase. . | +0.1 0 
Jactic dehydrogenase. +0.6 +0.1 +0.9 | +0.6 


soluble enzyme preparations recently obtained from pig heart.2~ Ammo- 
nium sulfate fractionation of the heart extracts yields a fraction precipi- 
tating between 60 and 100 per cent saturation, which appears to be iden- 
tical with Fraction B from £E. coli and can be coupled with the EZ. coli 
Fraction A to reconstruct the pyruvate oxidation system when supple- 
mented either with transacetylase-orthophosphate or with condensing en- 
zyme-oxalacetate. The heart fraction precipitating between 0 and 45 per 
cent ammonium sulfate saturation has not yet been resolved into two 
distinct components; it appears to be contaminated with sufficient enzyme 
Fraction B to give maximum pyruvate oxidation rates without addition 
of the latter. In other respects the heart system is identical with that 
in E. coli in its requirements for DPN, CoA, and an acetyl acceptor system 
as shown in Fig. 2. 

While some bacteria oxidize pyruvate to acetyl phosphate and CO,, 
owing to the presence of transacetylase, animal tissues, which lack trans- 
acetylase but contain condensing enzyme, can oxidize pyruvate only by 
way of citric acid in the presence of oxalacetate. This explains why pyru- 
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vate does not disappear aerobically in dialyzed heart homogenates unless 
a dicarboxylic acid (which can be oxidized to oxalacetate) is added (11). 
It should also be mentioned that EF. coli, which contains both transacetylase 
and condensing enzyme, is capable of converting pyruvate either to acetyl 
phosphate or to citrate; it also can convert acetyl phosphate to citrate 
(ef. Fig. 2). 

DISCUSSION 


It is of interest that the system in C. kluyvert extracts which, in the 
presence of orthophosphate, oxidizes acetaldehyde to acetyl phosphate (12) 
is the counterpart of the pyruvate oxidation system described in this paper. 
When C. kluyveri extracts are dialyzed free of phosphate, acetaldehyde is 
not oxidized except on addition of phosphate or on supplementation with 
oxalacetate and condensing enzyme. In the latter case, no acetyl phos- 
phate is formed, but citrate is synthesized in large amounts.’ Oxidation 
of acetaldehyde in C. kluyveri extracts requires the presence of both DPN 
and CoA.* The same is true of an acetaldehyde oxidizing system present 
in E. colt (strain B) which seems to be identical with the C. kluyveri sys- 
tem.’ It thus appears that acetaldehyde oxidation by these systems in- 
volves at least two enzymes, a DPN-specific and CoA-dependent aldehyde 
dehydrogenase and either transacetylase, in the presence of phosphate, or 
condensing enzyme, in the presence of oxalacetate. 

Cavallini (13) has recently found that when reduced glutathione (GSH) 
is oxidized by copper ions there occurs a coupled oxidative decarboxylation 
of pyruvate added to the system. This finding is of considerable signifi- 
cance in view of Lynen and Reichert’s discovery (14) that the SH group 
in CoA (15, 16) is the active group of the coenzyme and of the participa- 
tion of CoA in the enzymatic oxidation of pyruvate and acetaldehyde and 
in the pyruvate-formate exchange reaction.’ For his chemical model, 
Cavallini postulates the oxidation of a reduced glutathione-pyruvate addi- 
tion compound, as formulated in Reaction 7. A similar addition product 
of CoA and pyruvate, or of CoA and an acetaldehyde derivative formed 


CH, CH, 
+GSH +O, 


COOH COOH 
GSSG + CH,;—COOH + CO; + H;,O 


* Stadtman, E. R., Stern, J. R., and Ochoa, 8., unpublished experiments. 

* Stadtman, R., personal communication. 

* Racker, E., personal communication. 

* CoA has recently been found to be required for the oxidation of a-ketoglutarate 
by a soluble enzyme system from heart muscle. This suggests oxidation to suc- 
cinyl CoA. Kaufman, 8., and Ochoa, 8., unpublished experiments. 
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from pyruvate with the participation of diphosphothiamine, is also pos- 
tulated by Lynen and Reichert (14) for the enzymatic oxidation of pyru- 
vate to acetyl CoA (Reaction 8). The formation of an acetaldehyde-CoA 


CH, 
(8) H-—C=0 + HS—kR — H—C—S-—R =. 
OH 


compound gains considerable support from Racker’s finding (17) that one 
of the two enzymes of the glyoxalase system catalyzes a reaction between 
reduced glutathione and methylglyoxal, presumably to form a thiol-car- 
bonyl addition product, which undergoes further conversion to GSH and 
lactate through the action of the second enzyme. 

Finally it may be pointed out that SH groups are probably involved in 
the oxidation of the carbonyl group of p-glyceraldehyde-3-phosphate by 
glyceraldehyde phosphate dehydrogenase in a similar manner as in pyru- 
vate and acetaldehyde oxidation. Glyceraldehyde phosphate dehydro- 
genase requires SH groups for its action and, as postulated by Racker (17) 
the energy-rich phosphate bond of 1c” <amaeeetnaee acid might be 


formed by phosphorolysis of an R—-S—C—R bond much as acetyl phos- 
phate is generated by phosphorolysis of the corresponding bond in acetyl 
CoA through the action of transacetylase. The finding that crystalline 
glyceraldehyde phosphate dehydrogenase can slowly oxidize acetaldehyde 
to acetyl phosphate in the presence of phosphate (18) gives further support 
to the view that the various enzymes catalyzing the oxidation of carbonyl 
to carboxyl groups operate through basically identical mechanisms, with 
sulfhydryl as the catalytically active group. 


Methods and Preparations 


Pyruvate was determined by the method of Friedemann and Haugen 
(19) and occasionally spectrophotometrically with lactic dehydrogenase, 
as previously described (20). Lactate was determined by the method of 
Barker and Summerson (21). Acetyl phosphate and citrate were deter- 
mined as in previous work (1). 

The transacetylase used in this work was a highly purified preparation 
from Clostridium kluyveri kindly supplied by Dr. E. R. Stadtman. 

Lactic dehydrogenase was obtained as a crystalline fraction from rabbit 
muscle by the following procedure. An ammonium sulfate paste (fraction 
obtained between 0.52 and 0.72 saturation of aqueous rabbit muscle ex- 
tract with ammoniacal ammonium sulfate, pH 8.0) was used after storage 
at 34° for 3 weeks or longer. The paste was dissolved in a minimum 
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amount of water and made turbid at 0° by adding sufficient saturated 
ammoniacal ammonium sulfate. On standing at room temperature, erys- 
tals of aldolase formed and were removed by centrifugation. Repeated 
addition of saturated ammonium sulfate as above gave further crystalline 
fractions. Some of these were rich in lactic dehydrogenase. The specific 
activity of these preparations, assayed as previously described (22), was 
about 40,000. These fractions were used after dialysis at levels of 50 y 
per experimental vessel, corresponding to 2000 units. 

Crystalline potassium pyruvate was prepared as follows: Pyruviec acid 
(Merck) from a previously unopened bottle was cooled to 0° and solid 
potassium carbonate was added slowly with vigorous stirring to about 90 
per cent neutralization. Water was added in small amounts as needed 
to keep the potassium pyruvate in solution. The amount of water re- 
quired did not exceed one-half of the volume of the pyruvie acid used. 
4 volumes of alcohol were added to the solution at room temperature. 
Long, needle-shaped crystals of potassium pyruvate formed on standing 
at 0° for 2 to 3 hours and increased in amount overnight. The crystalline 
material was filtered with suction, washed with alcohol and ether, and 
dried in vacuo over calcium chloride. Further crops of crystals were ob- 
tained by adding more alcohol to the mother liquor. The potassium py- 
ruvate was about 97 per cent pure as assayed spectrophotometrically 
with lactic dehydrogenase (20). Oxalacetic acid was prepared as in pre- 
vious work (4). 

A crude preparation of CoA for routine assays was obtained from rabbit 
livers as follows: The livers were rapidly removed and chilled in ice. They 
were then homogenized briefly in a Waring blendor with a minimum of 
water, and the homogenate was added gradually with stirring to boiling 
water so that the temperature did not drop below 80°. After 2 to 3 min- 
utes the mixture was cooled to about 40° and pressed through three layers 
of cheesecloth. Saliva (about 3 cc. per 100 cc.) was added to the juice 
and the mixture was incubated for 3 hours at 25° to hydrolyze the glyco- 
gen. 12 per cent trichloroacetic acid was then added to about pH 3.0 and 
the mixture was centrifuged. The supernatant fluid was poured with 
stirring into 10 volumes of acetone at 0° and, after standing in the cold for 
15 minutes, the precipitate was filtered with suction, washed with acetone 
and ether, and dried in vacuo over calcium chloride. The material gave 
clear yellow solutions of about pH 6.0. The CoA potency of this prepara- 
tion, as assayed by the sulfanilamide acetylation method (23), was about 
1 unit per mg. For purposes other than enzyme assays, a CoA prepara- 
tion containing 30 units per mg. was used. This preparation was kindly 
supplied by Dr. M. A. Mitz, Research Division, Armour and Company, 
and was free from DPN and diphosphothiamine. 

Diphosphothiamine was generously supplied by Dr. R. A. Peterman, 
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Merck and Company, Inc., and protamine sulfate by E. R. Squibb and 
Sons. DPN and L-cysteine were commercial preparations. The purity 
of the DPN, assayed spectrophotometrically with the alcohol dehydro- 
genase system, was 67 per cent. 

The £. coli used in this and in previous work (1) was grown and lyo- 
philized in the laboratories of the Medical Research Division, Sharp and 
Dohme, Inc., by Dr. J. R. Stern, Dr. A. K. Miller, and Dr. A. E. Wasser- 
man. We are greatly indebted to Dr. W. F. Verwey for the facilities 


placed at our disposal. 
SUMMARY 


The dismutation of 2 molecules of pyruvate, in the presence of ortho- 
phosphate, to acetyl phosphate, CO,, and lactate requires two enzyme 
fractions (A and B), transacetylase, lactic dehydrogenase, diphosphothia- 
mine, diphosphopyridine nucleotide, and coenzyme A. Triphosphopyri- 
dine nucleotide is inactive. When oxalacetate and condensing enzyme are 
substituted for orthophosphate and transacetylase, citrate is formed in- 
stead of acetyl phosphate, but there is no reaction in the absence of an 
acetyl acceptor system. The enzyme Fractions A and B have been iso- 
lated from Escherichia coli. ‘There is evidence for the occurrence of these 
enzymes in soluble preparations from pig heart. 

From our present knowledge of the mechanism of the reactions catalyzed 
by transacetylase and the condensing enzyme and the results presented in 
this paper, it is concluded that enzyme Fractions A and B catalyze a re- 
action between pyruvate, coenzyme A, and diphosphopyridine nucleotide 
to form acetyl coenzyme A, CO», and reduced diphosphopyridine nucleo- 
tide. The significance of these facts is discussed. 


We wish to thank Dr. J. R. Stern, Mr. M. C. Schneider, and Mr. Tibor 
G. Farkas for help in part of this work. 
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PYRIDINE NUCLEOTIDE FORMATION FROM TRYPTOPHAN 
AND NIACIN* 


By PHILIP FEIGELSON, J. N. WILLIAMS, Jr., anv C. A. ELVEHJEM 


(From the Department of Biochemistry, College of Agriculture, 
University of Wisconsin, Madison, Wisconsin) 


(Received for publication, July 9, 1951) 


In a previous report from this laboratory, it was demonstrated that 
liver homogenates prepared from rats raised on a tryptophan-free, but 
otherwise complete, ration possessed a low endogenous respiratory rate 
(1) which could be increased by addition of diphosphopyridine nucleotide 
(DPN) in vitro. This suggested that the DPN content of the livers was 
low, and this possibility was experimentally confirmed by direct analysis 
of the livers (2). It was thus demonstrated that a ration containing 1.5 
mg. per cent of niacin, but no tryptophan, was unable to maintain in 
rats a normal liver pyridine nucleotide (PN) level. A several fold increase 
in niacin intake had but little effect, whereas tryptophan administration 
at its normal level resulted in a marked increase in liver PN. A similar 
relationship was shown to exist in rats fed a non-protein basal ration (3). 
Under these conditions tryptophan administration could not result in pro- 
tein or enzyme synthesis, and therefore the stimulation of PN formation 
by tryptophan was due to direct conversion of the tryptophan to PN rather 
than an increased formation of enzymes concerned with PN synthesis. 
Thus on a protein-free ration one can compare the relative efficiencies 
of PN precursors. The present report is an investigation of the relative 
value of tryptophan and niacin as precursors of PN when equimolar levels 
of these precursors were compared over a wide concentration range. 


EXPERIMENTAL 


Male 90 to 110 gm. Sprague-Dawley rats were maintained on a non- 
protein ration for 19 days, when analysis indicated that their liver PN 
had become depleted. The non-protein ration was niacin-free and con- 
tained a supplement of sulfasuxidine to depress intestinal synthesis of 
niacin and tryptophan. The ration was prepared as follows: sucrose 87.5, 
corn oil 5, Salts IV (4) 4, sulfasuxidine 1.5, and niacin-free vitamin mix- 
ture (2) 2 per cent. When pilot analyses indicated depletion of liver PN, 


* Published with the approval of the Director of the Wisconsin Agricultural Ex- 
periment Station. Supported in part by a grant from the Research Committee of 
the Graduate School from funds supplied by the Wisconsin Alumni Research Founda- 
tion, and by a grant from the Nutrition Foundation, Inc., New York. 
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the animals were divided into nine groups of five to nine animals each, and 
the following supplementations to the ration were made: Group I, no 
supplement; Group II, 1.5 mg. per cent of niacin (the level ordinarily 
fed in a complete ration); Group III, 2.49 mg. per cent of pL-tryptophan 
(equimolar with 1.5 mg. per cent of niacin); Group IV, 15 mg. per cent of 
niacin; Group V, 24.9 mg. per cent of pDL-tryptophan; Group VI, 150 mg. 
per cent of niacin; Group VII, 249 mg. per cent of pi-tryptophan; Group 
VIII, 1500 mg. per cent of niacin; Group [X, 2490 mg. per cent of pL- 
tryptophan. All supplements were made at the expense of sucrose. Also, 
0.10 gm. of choline chloride per 100 gm. of ration, in addition to that 
already added in the vitamin mix, was included to alleviate the effects of 
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Fig. 1. The effect of equimolar supplements of niacin and tryptophan on the 
liver pyridine nucleotide content of rats fed a non-protein ration. 


possible loss of methyl groups by the high niacin levels (5). The animals 
were maintained on the supplemented rations for 10 to 14 days and were 
then sacrifi¢ed for analysis of liver PN by the method of Feigelson, Williams, 
and Elvehjem (6). 

The results of this experiment are shown in Fig. 1. The ordinate is 
expressed as micrograms of PN per gm. of fresh liver, and represents the 
mean of from five to nine animals. The abscissa is expressed as the num- 
ber of moles of tryptophan or niacin supplement per 100 gm. of ration, 
the first bar representing Group I, the second Group II, ete. From these 
results it appears that 1.5, 15, and 150 mg. per cent of niacin have the 
same effect on PN synthesis as corresponding equimolar levels of ptL- 
tryptophan. However, the response to the highest niacin level tested, 
1500 mg. per cent, is no greater than that induced by 150 mg. per cent, 
whereas, at comparable levels of tryptophan, there is greater synthesis of 
PN at 2490 mg. per cent than at 249 mg. per cent of tryptophan. Only 
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at this very high level does any difference appear in the relative abilities 
of tryptophan and niacin to serve as PN precursors. The rat apparently 
is unable to utilize any niacin in excess of 150 mg. per cent. It is unusual 
to find that tryptophan, which is generally believed to be a precursor of 
niacin, has a greater effect on PN synthesis than does niacin itself. This 
might be interpreted in several ways: (1) At this high level niacin, but not 
tryptophan, may be toxic and therefore interfere with PN synthesis; (2) 
the amount of niacin available to the liver for PN synthesis remains the 
same when 150 or 1500 mg. per cent of niacin are fed, the excess niacin 
being rapidly metabolized or excreted; (3) the enzyme systems converting 
niacin to PN are saturated, whereas those converting tryptophan to PN are 


TaBLe 


Effect of Tryptophan and Niacin Supplements on Liver Pyridine Nucleotide 
Concentration of Rats Fed Non-Protein Ration 


Group of rats | Dietary niacin Dietary tryptophan 

| percent percent per gm. liver 

A | 6 0 | 0 506 + 48* 

B 6 1.5 | 0 685 + 8&3 

C 6 0 | 2.49 746 + 63 

D 6 1.5 2.49 «4116 + 106 

E 6 3.0 | 0 | 725 + 63 
F 6 0 


«4.98 76 


* Standard error of the mean. 


not. The last interpretation, if true, would imply that niacin is not 
necessarily an intermediary in the conversion of tryptophan to PN. 

If a dosage of 1500 mg. per cent of niacin is toxic and in some manner 
limits its own conversion to PN, the presence of this level of niacin should 
then also inhibit the conversion of tryptophan to PN if niacin is an inter- 
mediary in this conversion. However, an additive response would be 
expected if separate metabolic routes are concerned with the conversion 
of tryptophan and niacin to PN. The amount of PN synthesis in rats 
fed a ration containing 1500 mg. per cent of niacin plus 2490 mg. per cent 
of tryptophan should distinguish between the first and third interpreta- 
tions. 

The following experiment was therefore undertaken. Rats were de- 
pleted of PN, as previously described. The supplements indicated in 
Table I were then included in the ration. After 12 to 15 days the animals 
were sacrificed and the livers analyzed for PN. The results of this experi- 
ment are recorded in Table [. 

There is no significant difference in liver PN content of the animals fed 


| 

, and 

, no 
arily 
phan 

t of 

mg. 
roup 

DL- 
Also, 
that 
ts of 

the 

als 
vere 
ims, 
eis | 

the 
um- 
ion, 
1ese 

the 

DL- 
ted, 

nt, | 
s of 

nly 


740 TISSUE PYRIDINE NUCLEOTIDES 


either 1.5 or 3.0 per cent niacin. On the other hand, when fed 1.5 per 
cent niacin plus 2.49 per cent tryptophan, there is a marked increase in 
liver PN over the groups receiving 1.5 or 3.0 per cent niacin. As the same 
number of moles of PN precursor are present in Rations D, E, and F, it 
is apparent that the niacin is not interfering with the conversion of tryp- 
tophan to PN. This would seem to eliminate the possibility that high 
levels of niacin are toxic and interfere with PN synthesis. 

Groups VIII and [X in the former experiment received the same ration 
_as Groups B and C of this experiment. It is not clear why there is a 
smaller difference in the comparative response to tryptophan and niacin 
indicated in Table I than that indicated in Fig. 1. However, at twice 
these levels, Groups E and F, tryptophan appears to be definitely superior 
to niacin in PN synthesis. Food consumption data indicated no variation 
in food intakes between the various groups of animals in Table I, and, | 
therefore, the differences cannot be attributed to this factor. 


DISCUSSION 


Over a concentration range up to 122 & 10~-5 mole per 100 gm. of ration, 
equimolar amounts of tryptophan and niacin are equivalent as precursors 
of liver PN. Thus earlier experiments (2, 3) comparing the two, in which 
niacin was fed at levels proper for a vitamin and tryptophan at levels 
proper for an amino acid, indicated that tryptophan was superior to PN as 
a precursor to niacin. It is apparent from the results that, whereas mole 
for mole over a wide range the two are equivalent, under normal condi- 
tions the dietary intake of tryptophan is many times the niacin intake 
and that, at least in the rat, the majority of PN does arise from tryptophan. 

When tryptophan is added to a ration containing 1.5 per cent niacin, 
an increase in PN results. When higher levels of niacin alone are fed, no 
further increase in PN is observed. This may indicate that some niacin 
is unavailable for PN synthesis, being rapidly metabolized and excreted 
directly into the urine. Another possibility is that the enzyme systems 
synthesizing PN from niacin are saturated at the high niacin levels, while 
those utilizing tryptophan are not. Under such conditions PN synthesis 
from tryptophan should be additive with that from niacin. The latter 
alternative implies that niacin may not necessarily be an intermediary in 
the conversion of tryptophan to PN. This possibility is compatible with 
investigations with Neurospora in which certain mutants were shown to 
have a requirement for tryptophan or kynurenine which could not be 
replaced by niacinamide (7). 


SUMMARY 


The relative efficiencies of tryptophan and niacin as precursors of liver 
pyridine nucleotides (PN) have been studied. Over a wide range, equi- 
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molar amounts of the two were fed and found to result in identical liver 
PN levels. Thus, over this range, tryptophan and niacin are mole for 
mole equivalent PN precursors in the rat. 


At higher levels of niacin intake the synthesis of PN from niacin does 


not increase further. However, when tryptophan is fed at this same level 
or at still higher levels, further synthesis of tissue PN does occur. Possible 
implications of these findings are discussed. 


o o 
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A RELATIONSHIP OF VITAMIN E TO NUCLEIC ACID 
METABOLISM* 


By J. M. YOUNG anno JAMES 8. DINNING 


(From the Department of Biochemistry, School of Medicine, University of 
Arkansas, Little Rock, Arkansas) 


(Received for publication, July 30, 1951) 


The data to be presented show that vitamin E-deficient rabbits excrete 
large quantities of allantoin as compared to comparable control rabbits. 
These results, together with data obtained by determinations of tissue 
nucleic acids, indicate that nucleic acid metabolism is deranged in vitamin 
E-deficient rabbits. 


EXPERIMENTAL 


White, male, New Zealand rabbits weighing approximately 1200 gm. 
were placed in individual metabolism cages and given a diet of casein 15 
gm., sucrose 39.3 gm., corn starch 36.0 gm., lard 3.0 gm., cod liver oil 3.0 
gm., salt mix (1) 3.0 gm., inositol 0.1 gm., choline chloride 0.1 gm., nico- 
tinamide 20 mg., pyridoxine hydrochloride 0.5 mg., thiamine chloride 0.5 
mg., riboflavin 0.5 mg., calcium pantothenate 1.0 mg., folic acid 0.5 mg., 
biotin 0.005 mg., 2-methylnaphthoquinone 0.025 mg., and vitamin By 
4.5 y. One group received this diet without supplement; another group 
received the basal diet plus oral supplements of 4 mg. of a-tocopherol 
acetate per kilo of body weight on alternate days. A third group was 
given a diet of rabbit chow. The animals were weighed frequently, food 
intake records were kept, and urine was collected daily for determination 
of creatine and creatinine (2) and allantoin (3). Blood counts were made 
_ at frequent intervals. After appropriate time intervals, tissues were taken 
for determination of ribonucleic acid and desoxyribonucleic acid (4). 


Results 


The rabbits ate the purified diet readily and those receiving supplements 

of vitamin E gained weight throughout the experiment, although not as 
rapidly as animals eating the chow diet. After 2 to 3 weeks the animals 
— Teceiving the deficient diet developed the typical symptoms of muscular 
dystrophy (5). Creatine excretion responded as has been described (5), 


* Research paper No. 960, Journal Series, University of Arkansas. The experi- 
mental data presented in this paper were taken from a thesis submitted by J. M. 
Young to the Graduate School, University of Arkansas, in partial fulfilment of the 
requirements for the degree of Master of Science. 
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and, since the results merely confirm many previous reports, the data are 
not presented. 

Fig. 1 presents data on allantoin excretion by rabbits receiving the 
deficient diet, and by rabbits receiving this purified diet with supplements 
of a-tocopherol acetate. The curves are averages for four deficient rabbits 
and three control rabbits. Beginning about the 14th day of feeding, the 
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Fie. 1. Allantoin exeretion by rabbits fed a purified diet with and without vi- 


tamin E. 


rabbits receiving the deficient diet excreted increased amounts of allantoin. 


ex 


This was very consistent for all rabbits receiving the deficient diet, and 


by the time that overt symptoms of muscular dystrophy occurred the 


nt 


allantoin excretion by these animals was elevated 3- to 8-fold when com- | |; 
pared either to their own initial values or to comparable rabbits receiving 


the same diet with supplements of a-tocopherol. Creatine excretion by 
the deficient rabbits followed a course very similar to allantoin excretion. 

Fig. 2 shows typical results of a recovery experiment. This rabbit was 
fed the deficient diet and, after manifesting deficiency symptoms, was 
treated orally with 10 mg. of a-tocopherol acetate per kilo of body weight 
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ita are} daily. It may be seen that the elevated allantoin excretion of vitamin E 
deficiency very promptly responds to the appropriate therapy. 

ng the} Rabbits receiving the chow diet consistently excreted more allantoin 
‘ments | than rabbits receiving the purified diet plus vitamin E. Since the nucleic 
abbits | acid content of the chow was not determined, it is not possible to evaluate 
ig, the | this observation at the present time. 


MG. ALLANTOIN / KILO BODY WT. / DAY 


i i L i 


5 10 15 20 3 30 


DAYS ON DIET 
“| Fig. 2. The effect of therapy with a-tocopherol acetate on the increased allantoin 
_ exeretion by a vitamin E-deficient rabbit. 


ntoin. Table I presents data on nucleic acid concentration in liver and skeletal 
, and" muscle of control and deficient rabbits. Both ribonucleic and desoxyribo- 
nucleic acids were elevated in muscle from vitamin E-deficient animals. 
com- | Liver ribonucleic acid was not significantly different in the deficient ani- 
‘iving mals; however, liver desoxyribonuclei¢e acid was elevated in the deficient 
= by animals. The tissue nucleic acid concentration in the rabbits fed the chow 
Ption. | diet was quite similar to that in animals receiving the purified diet with 
t was supplements of a-tocopherol acetate. 
; WaS | Rabbits with muscular dystrophy invariably exhibited a leucocytosis. 
eight | However, this observation was complicated by the fact that some of the 
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animals receiving the purified diet with supplements of vitamin E also] fe 
exhibited a leucocytosis. More data are required to determine whether | py 
vitamin E deficiency in the rabbit has any direct effect on peripheral 
white blood cells. 
Taste I 
Ribonucleic Acid Phosphorus (RNAP) and Desoryribonucleic Acid Phosphorus " 
(DNAP) in Liver and Skeletal Muscle of Rabbits Fed Various Diets 
The results are expressed as mg. of P per 100 gm. of wet weight of tissue. - 
Skeletal muscle Liver nu 
RNAP DNAP pNap 
2 Purified + vitamin E 23 4 5.7 91 | al 
Average a 8 3.0 bie 4.6 
4 Purified —VitamnE 54 25 38 
7 1 | 33 | 3.5 | 
——| 
Average wise! | se 
9 Chow 37 9 4.1 | 20 4.7 
27 4/67) | 43 
Average... 32 7 wl] @ 44 
© Fed the purified diet minus vitamin E until deficiency symptoms developed, 
then recovered with oral supplements of a-tocopherol acetate. 
DISCUSSION 


The rabbits receiving the purified dict without supplement lost approxi-_ 
mately 20 per cent of their body weight during the deficiency stage. The 
extra allantoin excreted by these animals would be equivalent to approxi- 
mately 350 mg. of nucleic acid phosphorus per rabbit. This in turn 
represents the amount of nucleic acid present in approximately 1 kilo of 
skeletal muscle. It then becomes obvious that the extra allantoin ex: | 
creted by the deficient animals was not due simply to loss of muscle tissue. | 
The data suggest that during the state of vitamin E deficiency in the 
rabbit the rate of turnover of nucleic acids is greatly accelerated. An 
alternate explanation would be that the increased allantoin excretion re- 


747 


J. M. YOUNG AND J. 8. DINNING 


flects an accelerated purine synthesis without their incorporation into 
nucleic acids. The former interpretation seems more probable. 


SUMMARY 


1. Vitamin E-deficient animals were found to excrete much greater 
quantities of allantoin than comparable control rabbits. 

2. The elevated allantoin excretion of vitamin E-deficient rabbits was 
reduced to normal by oral therapy with a-tocopherol acetate. 

3. Skeletal muscle from vitamin E-deficient rabbits contained more ribo- 
nucleic acid and desoxyribonucleic acid than did the tissues from control 
animals. 

4. The concentration of desoxyribonucleic acid in liver was elevated in 
vitamin E-deficient rabbits, but ribonucleic acid was not significantly 
altered by the deficiency. 

5. It is suggested that the turn-over rate of nucleic acids is accelerated 
in vitamin E deficiency, especially in skeletal muscle. 
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IDENTIFICATION OF CORTICOSTEROIDS OF BEEF ADRENAL 
EXTRACT BY PAPER CHROMATOGRAPHY* 


By ALEJANDRO ZAFFARONIf ann ROBERT B. BURTON 


(From the Departments of Biochemistry and Medicine, School of Medicine and 
Dentistry, The University of Rochester, Rochester, New York) 


(Received for publication, June 19, 1951) 


Chemical studies initiated in the laboratories of Reichstein, Kendall, 
and Wintersteiner (1) resulted in the isolation of twenty-eight crystalline 
steroids from adrenal gland extracts. Twelve of the compounds possessed 
an a-ketol side chain and, of these, six proved to be biologically active. 
The finding of 11-desoxycorticosterone, one of these active steroids, by 
Reichstein and von Euw (2) has been corroborated neither in the other 
two laboratories nor by subsequent workers. 

The methods used by these workers for the fractionation of the extracts 
and isolation of the crystalline compounds were such that the possibility 
of chemical alteration of some of the more labile steroids could not be 
excluded. These methods, in addition, gave no reliable data as to the 
quantitative relationships existing among the different compounds found 
in the gland. 

The recent development in our laboratories of paper chromatographic 
and spectrophotometric techniques for the identification of adrenocortical 
steroids has been reported (3, 4). A procedure for the fractionation of 
complex corticoid mixtures and a systematic method for the identification 
of the separated compounds based upon these techniques are herein de- 
scribed. These methods offer several advantages over those used by pre- 
vious investigators: (1) Samples are subjected to a minimum of handling; 
(2) components present in very low concentrations can be isolated and 
_ identified; and (3) compounds very closely related in chemical structure 

can be separated and differentiated. 

Analysis of a commercial preparation of beef adrenal extract thereby 
indicated the presence of at least twelve a-ketolic steroids, of which eight, 
including 11-desoxycorticosterone, have been identified. Of the remain- 
ing four, two may represent new compounds. A preliminary report of 
_ these findings has already been made (5). 

* This investigation was supported, in part, by research grants from the Perma- 
nent Science Fund of the American Academy of Arts and Sciences, Chemical Special- 
ties Company, Inc., and from the National Cancer Institute, National Institutes of 
| Health, United States Public Health Service. 

t Postdoctoral Fellow of the National Cancer Institute. Present address, Re- 
search Laboratories, Syntex, 8S. A., Laguna Mayran 413, Mexico, D. F. 
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EXPERIMENTAL 


Extracts—The beef adrenal extract used in this work was that produced 
by Parke, Davis and Company (Eschatin).' This aqueous preparation 
was extracted five times with 0.1 volume of chloroform. The pooled 
chloroform solution was evaporated? to small volumes and aliquots cor- 
responding to 6 pounds of gland were quantitatively transferred to 10 
xX 75 mm. test-tubes. After the solvent was evaporated, the tubes were 
stoppered with aluminum foil-covered corks and stored at 5° until chro- 
matographed. 

The scheme of paper chromatographic fractionation and analysis to 
which these extracts were then subjected is presented in the flow sheet 
in Fig. 1. 

Fractionation of Extracts—We have shown that the periods of develop- 
ment required for paper chromatographic resolution of the various cor- 
ticosteroids differed markedly according to their polarity (3). In order 
to facilitate the handling of as complex a mixture of compounds as an 
adrenal extract, therefore, it was desirable initially to separate the ex- 
tract into three fractions representing groups of steroids of low, medium, 
and high polarity. This division was carried out as follows and gave 
Fractions A, B, and C, containing largely steroids of the C03, C20, 
and types, respectively. 

Sheets of Whatman No. | filter paper, 18} X 223 inches, were exten- 
sively washed with water and then 95 per cent ethanol, and were dried 
and cut into pieces 17 em. wide and 42 cm. long. The starting line was 
drawn 12 cm. from and parallel to one narrow edge. The opposite end 
was made V-shaped by cutting to points on each lateral edge 5 cm. from 
the bottom. The papers were impregnated with a freshly prepared 50 
per cent solution by volume of propylene glycol in absolute methanol and 
the excess removed by blotting between dry sheets of filter paper. The 
methanol rapidly evaporated upon exposure to air, leaving a smaller quan- 
tity of propylene glycol in the paper than in the impregnation procedure 
described originally (3). This modification resulted in a marked accelera- 
tion of the rate of movement of the steroids and a consequent shortening of 
the time necessary for chromatography. 

Each aliquot of the dry residue corresponding to 6 pounds of gland was 
dissolved in 50 to 100 yl. of a methanol-chloroform solution (1:1, volume 


1 Generously supplied by Dr. D. A. McGinty of Parke, Davis and Company, 
Detroit, Michigan. 

2 In all instances solvents were evaporated at temperatures under 45°, either in 
a vacuum or under a stream of nitrogen. All-glass apparatus was used for this pur- 
pose with connections so designed that the solvents could not reflux after contact 
with rubber tubing to the nitrogen or vacuum lines. 
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per volume) and applied as evenly as possible with a capillary pipette 
along the starting line of an impregnated paper. Two additional 50 ul. 
portions of solvent were used to effect a quantitative transfer of each 


AQUEOUS ADRENAL CORTEX EXTRACT 
EXTRACT 
CHROMATOGRAPHED IN T.-PG. FOR 48 HRS. 


ovtRFLow 


STEROIDS REMAINING ON PAPER = FRACTION C 


TION 
-| C-2 C-3 
5 DAYS 64 HRS. 
IN T.-PRG. IN T.-RG. 
ANCES ANCES ANCE 
C-la C-2a C-3 
C-ls C-26 
C-Ic C-2¢ 
C-lo 
CHROMAT. 
24 HRS. 
T-PG® 
SUBSTANCES 
B-is 
B-F = BENZENE- FORMAMIDE (METHANOL -DILUTED) 
B-F%= BENZENE-FORMAMIDE (UNDILUTED) 
T-PG. = TOLUENE - PROPYLENE GLYCOL (METHANOL - DILUTED) 
T- PG® = TOLUENE - PROPYLENE GLYCOL (UNDILUTED) 
Fic. 1. Scheme of paper chromatographic fractionation and analysis of adrenal 
extract. 


aliquot from the test-tube to the paper. A stream of filtered air was 
used to aid evaporation of the solvent and thus to limit as much as pos- 
sible the breadth of the area of application. 

The paper was developed for 48 hours with propylene glycol-saturated 
toluene, with 350 ml. of this solvent in the reservoir trough (3). This 
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volume of solvent was used for all chromatograms in this study with the 
exceptions noted. The overflowing toluene was collected in a 100 ml. 
beaker placed under the V-shaped end of the paper. The compounds in 
the overflow collected during the first 4 hours constituted Fraction A. 
At this time the chamber was opened, the first beaker pushed aside with 
a glass rod, and a second beaker, which had also been introduced at the 
beginning of chromatography, was pushed into position to receive the 
overflow. The compounds in the toluene collected during the next 44 
hours constituted Fraction B. The paper was then removed from the 
chamber and dried with a warm air fan for 6 hours. The compounds 
remaining on the sheet at this time constituted Fraction C. 

Model experiments with mixtures of crystalline corticosteroids demon- 
strated that, when the above procedure was used with apparatus of the 
dimensions previously described (3), the following distribution of steroids 
was obtained. Fraction A contained 11-desoxycorticosterone; Fraction B 
contained 11-dehydrocorticosterone (Kendall’s Compound <A), corticos- 
terone (Kendall’s Compound B), 11-desoxy-17a-hydroxycorticosterone 
(Reichstein’s Compound §), and _ allopregnane-38 ,21-diol-11 ,20-dione 
(Reichstein’s Compound N); and Fraction C contained 11-dehydro-17a- 
hydroxycorticosterone (cortisone), allopregnane-38 , 17a ,21-triol-20-one 
(Reichstein’s Compound P), 17a-hydroxycorticosterone (Kendall’s Com- 
pound F), allopregnane-38 , 17a ,21-triol-11,20-dione (Reichstein’s Com- 
pound D), allopregnane-3a ,118,17a,21-tetrol-20-one (Reichstein’s Com- 
pound C) and allopregnane-38,118,17a,21-tetrol-20-one (Reichstein’s 
Compound V). 

Fraction C—Since the components of this fraction were already partially 
separated on the dry chromatogram, it was convenient to carry this to 
completion first. 

A reference strip 0.25 cm. wide was cut from each of the two lateral 
edges of the paper and a third from the center. These were treated with 
the triphenyltetrazolium chloride reagent (TPTZ) as previously described 
(3). Three reddish pink spots appeared as shown in Fig. 2, 7. A narrow 
area of the paper 0.5 to 1.0 em. wide along the starting line, which con- 


tained a light brown pigment and which was always above the position of | 
the slowest moving spot, was discarded. The remainder of the paper was 
divided into three zones corresponding to the positions of the spots on the 


TPTZ-treated strips. 

Each zone was separately eluted. The portion of paper was cut into 
pieces approximately 0.5 cm. square, which were then steeped in absolute 
methanol for 1 hour. The alcohol was decanted through a sintered glass 
filter. This operation was repeated twice in order to assure quantitative 
elution of the steroid from the paper. The three portions of alcohol were 
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combined and evaporated to dryness. The residue was transferred to a 
10 X 75 mm. test-tube with small amounts of methanol. The subfrac- 
tions thus obtained, designated Subfractions C-1, C-2, and C-3, were further 
chromatographed in the toluene-propylene glycol (methanol-diluted) sys- 
tem for various periods. 

Subfraction C-1—This material was rechromatographed on a paper 17 
em. wide for 5 days, adding about 50 ml. of toluene to the reservoir trough 
every 48 hours. The overflow was discarded. At the end of this period 
reference strips treated with TPTZ now showed four spots, as seen in the 


=x 
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5 
“18 
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C-2 “1G “2A 
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C-3 pos 
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Fic. 2. Chromatograms of Fraction C. Toluene-propylene glycol (methanol- 
diluted) development was used in all cases with 350 ml. of solvent in the reservoir. 
The color reagent was TPTZ. I, reference strip from chromatogram after initial 
fractionation of extract showing partially separated components of Fraction C; 
II, reference strip from chromatogram of Subfraction C-1; //7, reference strip from 
chromatogram of Subfraction C-2. 


diagram in Fig. 2, 77. The areas corresponding to the individual spots 
were cut out and eluted as before. 

The eluted residues from the four areas were again chromatographed, 
this time for periods up to 9 days, in order to test the chromatographic 
homogeneity of the individual materials. They showed no tendency to 
subdivide during these prolonged periods of development. The four ma- 
terials obtained in this way from Subfraction C-1, in order of increasing 
mobility, were designated Substances C-la, C-lb, C-le, and C-1d. 

Subfraction C-2 was rechromatographed on a 17 cm. wide paper for 64 
hours. Three spots were seen on the TPTZ-treated reference strips as 
shown in Fig. 2, 7/7. The corresponding zones were separately eluted and 
the residues obtained were chromatographed for periods up to 72 hours. 
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The three materials behaved as homogeneous substances and were desig. 
nated, in order of increasing movement, Substances C-2a, C-2b, and C-2c, 

Subfraction C-3, rechromatographed for periods up to 48 hours, showed 
no tendency to subdivide and, therefore, was called Substance C-3. 

It is apparent that the periods of development used when testing the 
homogeneity of the various substances were limited to those intervals of 
time in which the compounds remained on the chromatograms. 

Fraction C was, in this way, found to contain eight chromatographically 
distinct substances. 

Fraction B—Aliquots of Fraction B corresponding to 6 pounds of gland 
were chromatographed on papers 17 cm. wide, impregnated either with 
propylene glycol as above or with a solution of equal parts of formamide 
and absolute methanol. The latter solution was prepared shortly before 
use, since, on standing, liberation of ammonia was observed. Develop- 
ment was carried out with toluene or benzene (depending upon the im- 
pregnating solvent used) for 5 hours. The overflow collected during this 
period was combined with Fraction A in order to recover any C203 com- 
pound which might have been taken with Fraction B because of slight 
variation in flow during the original chromatographic fractionation. Ref- | re 
erence strips cut from these chromatograms showed, when treated with} % 
the TPTZ reagent, two spots (Fig. 3, J). The corresponding areas of the 
remainder of the chromatogram were eluted and the materials obtained 
were designated, in order of increasing mobility, Subfractions B-1 and B-2. 

Subfraction B-1 derived from each 6 pounds of gland was divided into 
two equal aliquots and each chromatographed on a 17 em. wide paper in 
toluene-propylene glycol (undiluted) for 24 hours with 250 ml. in the 
reservoir trough. Two spots were scen on the TPTZ-treated reference 
strips (Fig. 3, 77) and the corresponding eluted substances were desig- 
nated Substances B-la and B-Ib. 

When these three substances obtained from Fraction B, Substances | 
B-la, B-1b, and B-2, were rechromatographed, they continued to behave | 
as single compounds. | 

Fraction A—The pooled material, derived from the fractionation of ex- | 
tract representing 36 pounds of gland, was chromatographed on a 17 cm. — 
wide paper impregnated with undiluted formamide. Development was 
carried out with benzene for 2 hours, at which time the solvent front was 
still to be seen on the paper. On the reference strips one spot, designated 
Substance A-1, appeared as illustrated in Fig. 4, 7. The material eluted 
from the corresponding area of the remainder of the paper was rechromato- 
graphed twice under the same conditions further to separate the small 
amounts of pigment and fatty material which tended to travel with the 
TPTZ-reducing substance. 
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STARTING . 0. 
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FORMAMIDE ( 
(METHANOL. DILUTED) 
RESERVOIR 350 ML. 250 ML. 


Fic. 3. Chromatograms of Fraction B. The color reagent used was TPTZ. /, 
reference strip from first chromatogram of Fraction B, showing the two components 
obtained; JJ, reference strip from chromatogram of Subfraction B-1. 


A-| 


350 ML 

Fic. 4. Chromatograms of Fraction A treated with TPTZ. J, reference strip 
from chromatogram after benzene-formamide development, showing contamination 
of TPTZ-reducing material by pigment and fatty material; 77, strip from chromato- 
gram of Fraction A developed with cyclohexane, showing separation of a-ketolic 
material from contaminants which are in the overflow. 
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Recently it was found that chromatography in cyclohexane-formamide} og 
(methanol-diluted) for 24 hours permitted complete separation of the} a¢ 
TPTZ-reducing substance from these contaminating materials. This find-} ¢} 
ing is shown in Fig. 4, JI. dr 

Quantitative Determinations—A semiquantitative estimation of the 
amounts of the various compounds was made by comparing the size and 
intensity of their spots on the chromatograms with the spots given by 
known amounts of pure a-ketolic steroids. With compounds having an 
absorption maximum at 240 mu, the quantities were determined mor 
precisely by measuring the optical densities of methanol solutions of the 
steroids at that wave-length and employing a molecular extinction coeff. 
cient of 16,500. In those cases in which the quantities were determined 
by both methods, it appeared that the visual estimation was subject to an 
error of up to +20 per cent. 

Identification of Separated Compounds—The following techniques were 
employed in efforts to identify the twelve substances obtained by the 
paper chromatographic separations. 

Color Reactions—The chromatographically homogeneous substances were 
tested with certain color reagents in addition to TPTZ. These tests were 
carried out on additional 0.25 cm. wide strips cut off the last chromato 
gram run on each of the purified substances. The reagents used follow. 

Alkaline Silver Nitrate (3)—Under the conditions described, this reagent, 
like TPTZ, gave a positive test only with steroids possessing an a-ketol 
group. The necessity for using the silver reagent as a corroborative test 
arose from the observation of the authors that occasionally, in extracts 
of biological material, non-ketolic substances were encountered which gave 
a pink color with alkali alone. Although a-ketolic materials might thus 
be confused with these indicator-like substances when the TPTZ reagent 
was used, they could be differentiated with the silver reagent which gave | 
a brown color on reduction. in 

Iodine Reagent (3)—This reagent, which was originally reported by sc 
Mylius (6) to give a blue color with cholic acid, was tested by us with the. 
following steroids: Reichstein’s Compounds V, C, D, P, and S, Kendall's! p 
Compounds F and A, cortisone, corticosterone, pregnane-17a ,21-diol- 
3,11,20-trione (“dihydro E”), pregnane-3a,17a,21-triol-11 ,20-dione! 
(“tetrahydro E’’), 11-desoxycorticosterone, A5-pregnene-38 ,21-diol-20-one, | 
the acetates of the above compounds, allopregnane-38-ol-20-one, pregnane- 
3a,17a,21-triol-20-one 3,21-diacetate, pregnane-38 , 17a ,21-triol-20-one 
3,21-diacetate, progesterone, 17a-hydroxyprogesterone, testosterone, an- 
drosterone, isoandrosterone, dehydroisoandrosterone, A‘-androstene-3 , 17- 
dione, androstane-3 ,17-dione, A*-androstene-38 , |7a-diol, etiocholan-3 , 17- 


dione, adrenosterone, A*-pregnene-38-ol-20-one, pregnane-38-ol-20-one, 
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estrone, ‘‘a-estradiol,’’* cholic acid, desoxycholic acid, A‘-3-ketoetiocholenic 
acid, A‘-3-keto-17a-hydroxyetiocholenic acid, A*‘-3-keto-118-hydroxyetio- 
cholenic acid, A‘-3,11-diketoetiocholenic acid, A‘-3,11-diketo-17a-hy- 
droxyetiocholenic acid, and A‘-3-keto-118 , 17a-dihydroxyetiocholenic acid.‘ 

The survey was carried out in the following manner. An aliquot of 
methanolic steroid solution containing approximately 10 to 15 y of steroid 
was applied to a piece of filter paper so as to cover an area no larger than 
1.0 cm. in diameter. The methanol was allowed to evaporate and the 
paper was lightly sprayed with the reagent. 

A blue spot was given only by free cortisone, 17a-hydroxyprogesterone, 
isoandrosterone, dehydroisoandrosterone, allopregnane-38-ol-20-one, cholic 
acid, A‘-3-ketoetiocholenic acid, A‘-3-keto-17a-hydroxyetiocholenic acid, 
and A‘-3,11-diketo-17a-hydroxyetiocholenic acid (7). The ammonium 
salts of these etioacids did not give this reaction. 

Concentrated Sulfuric Acid—Analyzed, special, c.p., concentrated sul- 
furic acid was applied to a clean glass plate in a streak sufficiently wide 
and long so that a segment of developed, dried chromatogram to be tested 
could be superimposed and thoroughly saturated. In a matter of 1 to 2 
minutes Reichstein’s Compound S gave a red spot. The following 116- 
hydroxy steroids gave a yellow-green color with green fluorescence: cor- 
ticosterone, Kendall’s Compound F, ammonium A‘-3-keto-118-hydroxy- 
etiocholenate and ammonium A‘-3-keto-118 , 17a-dihydroxyetiocholenate.*‘ 
Reichstein’s Compounds V and C gave a brown color without fluorescence. 
118-Hydroxyprogesterone gave neither color nor fluorescence. At least 
20 y of steroid distributed over an area of filter paper no larger than 1.0 
em. in diameter were necessary for the reaction. 


Spectrophotometric Techniques 
Ultraviolet Absorption Spectra—A sample of unknown material contain- 
ing 20 to 30 y, based upon the visual estimation of spot intensity de- 
scribed above, was dissolved in 3.0 ml. of absolute methanol. The ab- 


* These steroids were generously donated by Dr. T. Gallagher, Dr. P. L. Julian, 
Dr. E. C. Kendall, Dr. C. D. Kochakian, Dr. M. H. Kuizenga, Dr. H. L. Mason, 
Dr. E. Oppenheimer, Dr. P. L. Pearlman, Dr. G. Pincus, Dr. T. Reichstein, Dr. G. 
Rosenkranz, Dr. L. H. Sarett, Dr. C. R. Scholz, and Dr. I. V. Sollins. 

‘ These etioacids were prepared from the corresponding a-ketolic corticosteroids 
as described under “Periodic acid oxidation’’ and chromatographically purified in 
a-butanol-10 per cent concentrated ammonium hydroxide in water. The compounds 
were spotted by spraying reference strips from the chromatograms with dinitro- 
phenylhydrazine reagent (7) (1 per cent solution of dinitrophenylhydrazine in 0.1 n 
methanolic hydrochloric acid), then washing in a fresh solution of nitrous acid (equal 
parts of 4 per cent sodium nitrite solution and 1 Nn hydrochloric acid). The etio- 
acids gave orange-colored spots due to their a,8-unsaturated keto groups. Cor- 
responding areas of the remainder of the papers were then eluted. 
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sorption spectrum of this solution from 220 to 270 my was determined in 
the Beckman quartz spectrophotometer. An absorption maximum at 240 
my was considered evidence of an a,§-unsaturated keto group. 

When such an absorption maximum was obtained, it was useful to 
compare the curve of the unknown with that of a standard a,8-unsaturated 
3-ketosteroid. In order to facilitate the comparison, the curves wer 
plotted so as to express the optical density, as per cent of the optical density 
at the maximum, against wave-length. Curves so obtained were inde- 
pendent of concentration. Non-congruency of the curves of the standard 
and of an unknown compound was taken as a sign of impurity in the latter, 

Absorption Spectra of Sulfuric Acid Chromogens—The technique pre- 
viously described (4) was followed and the curves of unknown compounds 
compared with those obtained with authentic samples of corticosteroids. 
The spectral curves were of value not only in identifying unknown com- 
pounds but also in determining their homogeneity. The finding of a con- 
stant curve with samples of a compound in both free and esterified forms 
which had been repeatedly chromatographed was taken as evidence of 
purity. 

Comparison of Chromatographic Behavior of Unknown Compounds with 
That of Authentic Adrenocortical Steroids—In order to compare as precisely 
as possible the mobility of an unknown compound with that of a known 
for the purpose of identification, the following procedure (mixed chroma- 
togram) was carried out. From a comparison of the properties of an un- 
known material with those of pure adrenocortical steroids in respect to 
fractionation and chromatographic position as well as the other tests given 
above, tentative identification often could be made and the appropriate 
known steroid chosen for the procedure. 

A sheet of filter paper 42 cm. long was cut so that three 0.5 cm. wide 
strips were formed, all originating from a common head for immersion in 
the solvent reservoir (3). An aliquot of the unknown material correspond- 
ing to 15 to 20 y was applied at the starting line of one of the limbs and 

equal amount of the known was applied to a second. On the third 
limb equal quantities of both known and unknown substances were placed. 
Chromatographic development was carried out under conditions (solvent 


system, reservoir volume, and development time) necessary to move the_ 


unknown material to the lower half of the paper. The appearance of a— 


single spot on the limb to which both known and unknown compounds 
had been applied was taken as evidence of identity of the compounds. 
The presence of spots on the other two limbs in this same position with 
about half the intensity of the first was corroborative and gave assurance 
that neither the known nor the unknown material had run off the strip. 

Preparation of Acetates of Unknown Compounds and Comparison of Their 
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Properties with Those of Esters of Authentic Specimens—A sample of an 
unknown compound representing 130 to 150 y, thoroughly dried, was 
treated in a 10 X 75 mm. test-tube with 3 drops of acetic anhydride and 
5 drops of pyridine. The tube was stoppered and allowed to stand at 
room temperature overnight. The solution was then evaporated to dry- 
ness at room temperature with a stream of nitrogen; several 0.5 ml. por- 
tions of methanol were added to aid the evaporation of the solvents. 

The esterified material was purified by chromatography on a 5.0 cm. 
wide paper in benzene-formamide (undiluted) under conditions (3) to move 
it to about the middle of the paper. A 0.25 cm. wide reference strip was 
cut off and treated with TPTZ. The compound was eluted from the 
remainder of the paper and aliquots were set aside for mixed chromato- 
grams as well as determination of the ultraviolet and sulfuric acid chromo- 
gen spectra described above. 

Monoesters moved in the same order as did the parent free steroids, 
while compounds capable of being esterified at two or more positions were 
grouped together near the solvent front (3). Thus the movement of only 
monoacetates could be compared chromatographically for purposes of 
identification. If a compound, when esterified under the conditions given, 
changed its relative position and moved near the solvent front, the pres- 
ence of more than one unhindered hydroxy! group was inferred. 

In order to test in a more precise way whether a compound formed a 
di- or polyacetate the following procedure was used. Free and esterified 
forms of the unknown compound were compared chromatographically 
with the corresponding forms of a reference corticosteroid forming a mono- 
acetate. The reference compound chosen was one which, in the free form, 
moved slightly faster than the unesterified unknown. If the unknown 
substance formed a monoacetate, the movement ratio of the two esters 
was of the same order of magnitude as that of the free compounds. If 
the unknown formed a di- or polyacetate, the movement ratio with respect 
to the reference monoester changed radically. Thus the ratio of move- 
ment of corticosterone to cortisone in toluene-propylene glycol (methanol- 
diluted) was 6.0, while the ratio of the two monoesters was 3.8. On the 
other hand, the ratio of movement of corticosterone to Reichstein’s Com- 
pound P in the same solvent system was 7.6, but the ratio of corticosterone 


21-acetate to Compound P 3 ,21-diacetate was 0.8. 


In the case of 11-desoxycorticosterone, the least polar a-ketolic adreno- 
cortical steroid, the acetate moved too near the solvent front in the 
benzene or toluene systems for accurate comparison. With cyclohexane- 
formamide (methanol-diluted), on the other hand, the movement of this 
steroid acetate was sufficiently slow to allow the use of the mixed chroma- 
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The propionates of several compounds appearing in Fraction C were 
also prepared for identification. The propionates of CyO, and C,0, 
steroids were of little value in this respect because of their very rapid 
movement. When propionates were prepared, propionic anhydride was 
substituted for acetic anhydride in the procedure outlined. 

Chromic Acid Oxidation of Acetates—In the case of monoesters suspected 
to have an 118-hydroxy group, the 1l-keto derivatives were prepared 
by chromic acid oxidation. 

A 150 to 200 y dry sample of the ester was treated in a 10 X 75 mm. 
test-tube with 10 drops of glacial acetic acid and approximately | mg. of 
chromic oxide. The tube was stoppered and allowed to stand at room 
temperature for about 16 hours. 2 ml. of water were added and the 
mixture was extracted four times with 0.5 ml. portions of ethyl acetate. 
The pooled ethyl acetate was dried with a small amount of anhydrous 
sodium sulfate and evaporated. The 11-keto derivative was purified by 
paper chromatography. Aliquots were run in a mixed chromatogram 
with an authentic specimen of the expected 11-keto derivative. Another 
portion was used to determine the spectrum of the sulfuric acid chromogen. 

Periodic Acid Oridation—In the case of the unknown substances ten- 
tatively identified as 11-desoxycorticosterone, the formation of an etioacid 
derivative which gave a blue color with the iodine reagent was taken as 
corroborative evidence of identity. Etioacids were formed from their 
parent a-ketols by the following procedure. 

A dry 80 to 100 y sample of the compound was dissolved in 0.5 ml. of 
absolute methanol in a test-tube. To this was added 0.5 ml. of periodic 
acid reagent (4 gm. of periodic acid, HIO,-2H,0, in 100 ml. of 0.2 » sul- 
furic acid). The tube was stoppered and allowed to stand at room 
temperature overnight. 2 ml. of absolute methanol and 0.1 ml. of con- 
centrated ammonium hydroxide were added. The solution was shaken 
and centrifuged and the supernatant saved. The precipitated ammo- 


nium salts were washed twice with | ml. portions of methanol and super- | 
natants were added to the original. The combined methanolic solution | 


containing the ammonium salt of the etioacid was evaporated to dryness. 
The etioacid derivatives were freed from neutral steroids and possible 


contaminants by chromatography in n-butanol saturated with a 10 per | 


cent (volume per volume) solution of concentrated ammonium hydroxide 
in water (freshly prepared). Development was carried out by the ascend- 
ing method (8). After the paper was dried, it was exposed to hydrochloric 
acid fumes for a few minutes and then sprayed with the iodine reagent. 
A‘-3-Ket oetiocholenic acid, the derivative of 11-desoxycorticosterone, gave 
a blue spot at R, 0.60. The etioacid derivatives of cortisone and Com- 


pound 8, which also gave blue spots with iodine, moved in this solvent | dee 
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system to positions at R, 0.42 and 0.52, respectively. The positions of 
the derivatives of 11-desoxycorticosterone and Compound 8S were too 
close to permit clear cut separation of these compounds. This was not a 
serious limitation, since the two parent a-ketols had a very different chro- 
matographic behavior, one being found in Fraction A and the other in 
Fraction B. 

It has been found, however, that mixtures of the three etioacids which 
give a blue color with iodine may be clearly separated in chloroform- 
formamide (methanol-diluted) by using the usual descending method of 
development for 14 hours with 350 ml. of solvent in the reservoir trough. 
The Ry, values obtained were as follows: A‘-3-ketoetiocholenic acid, 0.78; 
4‘-3-keto-17a-hydroxyetiocholenic acid, 0.38; A*-3 , 11-diketo-17a-hydroxy- 
etiocholenic acid, 0.20. 

When the isolated substances were subjected to the various procedures 
described above, the following information was obtained. 

Substance A-1—This material was identified as 11-desoxycorticosterone 
on the basis of the following observations: The TPTZ and alkaline silver 
reactions were compatible with an a-ketol. Concentrated sulfuric acid 
produced no color or fluorescence. The ultraviolet absorption spectrum 
had a maximum at 240 my, characteristic of an a,8-unsaturated keto- 
steroid. The absorption spectrum of the sulfuric acid chromogen was 
identical with that of pure 11-desoxycorticosterone with maxima at 285, 
370, and 440 my. The behavior on fractionation was like that of 11- 
desoxycorticosterone. A mixed chromatogram gave a single spot with 
authentic 11-desoxycorticosterone. The acetate derivative moved near 
the solvent front in benzene-formamide (undiluted) like pure 11-desoxy- 
corticosterone 2l-acetate. In cyclohexane-formamide (methanol-diluted) 
the acetate, alone or in mixed chromatogram with pure 11-desoxycorti- 
costerone 2l-acetate, showed a single spot at Ry 0.18. The etioacid de- 
rivative gave a blue spot with iodine at R, 0.60 in a chromatogram 


_ developed with butanol-10 per cent ammonium hydroxide. A mixed 
chromatogram with the known derivative also gave a single spot at this 


position. 

10 to 20 y of this compound per pound of gland were found. 

Substance B-1a was identified as allopregnane-38 ,21-diol-11 20-dione 
(Reichstein’s Compound N). The TPTZ and alkaline silver reactions 
were those of an a-ketol. The ultraviolet absorption spectrum had no 
maximum, indicating that the substance did not have a conjugated ketone 
group. The spectrum of the sulfuric acid chromogen was identical with 
that of Compound N, having maxima at 290, 350, and 415 my. The 
chromatographic movement was like a C20, corticosteroid. A mixed 


t | chromatogram with Compound N gave a single spot. On acetylation 
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the compound moved near the solvent front like a di- or polyacetate. The 
sulfuric acid chromogen spectrum of the chromatographed acetate was 
the same as with the free compound. 

The amount of Compound N per pound of gland was estimated to be 
400 to 500 y. 

Substance B-1b was identified as corticosterone. The TPTZ and alka- 
line silver reactions were positive for an a-ketol. Concentrated sulfuric 
acid produced a yellow-green color with green fluorescence, giving evidence 
for the presence of an 118-hydroxy group. The ultraviolet absorption 
spectrum had a maximum at 240 my. The absorption spectrum of the 
sulfuric acid chromogen was identical with the curve obtained with pure 
corticosterone; the maxima were at 285, 330, 375, and 455 my. The 
compound chromatographed like the active C,,O, corticoids, and in mixed 
chromatograms with authentic corticosterone it gave a single spot. The 
acetate gave one spot in mixed chromatograms with pure corticosterone 
2l1-acetate and had the same ultraviolet and sulfuric acid chromogen 
spectra as the free compound. Chromic acid oxidation of the acetate 
gave a compound identical with 11-dehydrocorticosterone 21-acetate, the 
expected 11-keto derivative, as determined by mixed chromatogram and 
the absorption spectrum of the sulfuric acid chromogen (maxima at 280, 
355, and 415 my). 

400 + of corticosterone were found per pound of gland. 

Subfraction B-2 was identified as 11-dehydrocorticosterone (Kendall’s 
Compound A) from the following data. The TPTZ and alkaline silver 
reactions were those of an a-ketol. The sulfuric acid reaction produced 
neither color nor fluorescence. The ultraviolet absorption curve had a 
maximum at 240 my. The spectrum of the sulfuric acid chromogen was 
identical with the spectrum given by pure Compound A, with maxima at 
280, 355, and 415 my. The compound chromatographed with the known 
active C2,0, corticosteroids. On mixed chromatogram with pure Com- — 
pound A it gave a single spot. The acetate derivative gave a single spot — 
when run in a mixed chromatogram with authentic 11-dehydrocortico- 
sterone 2l-acetate. The ultraviolet and chromogen curves of the acetate 
were identical with the curves of the free compound. 

400 7 of Compound A in each pound of gland were found. 

Substance C-1a was not identified. The reactions for an a-ketol were 
positive. Concentrated sulfuric acid produced a brown color with yellow- 
green fluorescence. The ultraviolet absorption spectrum was variable. — 
Some specimens had no maximum; others showed absorption in the region 
of 240 mu. This indicated that the a-ketolic material itself probably did 
not contain an a,8-unsaturated ketone group. The spectrum of the sul- 
furic acid chromogen had absorption maxima at 285, 330, 415, and 510 
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my. It could not be matched with the curves given by any of the known 
steroids. The chromatographic behavior was the same as that of allo- 
pregnane-38 ,118,17a,21-tetrol-20-one (Reichstein’s Compound V). 
Mixed chromatogram with Compound V gave a single spot. On acetyla- 
tion the material moved near the solvent front like a di- or polyacetate. 
The sulfuric acid chromogen spectrum of the acetate had maxima at 270, 
315, and 410 mu. This change in the sulfuric acid curve of the chroma- 
tographically recovered acetate derivative indicated that the free material, 
at least, was not homogeneous. 

The facts that the sulfuric acid spectrum had a peak at 510 my, a maxi- 
mum which we have seen only with Reichstein’s Compounds V and C, and 
that Substance C-la in mixed chromatogram with Compound V gave one 
spot suggest that Compound V may be present in this material. 

The amount of Substance C-la was estimated to be 45 to 60 + in each 
pound of gland. 

Substance C-1b was identified as allopregnane-36 , 17a ,21-triol-11 ,20- 
dione (Reichstein’s Compound D). The TPTZ and alkaline silver reac- 
tions were positive. Concentrated sulfuric acid gave a brown color 
without fluorescence. The ultraviolet spectrum showed no absorption 
maximum. The spectrum of the sulfuric acid chromogen was indistin- 
guishable from that of pure Compound D, having maxima at 270, 335, and 
410 mu. The chromatographic behavior was that of either Compound D 
or allopregnane-3a , 118, 17a ,21-tetrol-20-one (Reichstein’s Compound C), 
with both of which it gave a single spot in mixed chromatograms. Upon 
acetylation the compound moved near the solvent front. The spectrum 
of the sulfuric acid chromogen of the acetate was unchanged from that of 
the free material. 

The concentration of Compound D per pound of gland was estimated to 
be 300 to 400 y. 

Substance C-1c was not identified. The color reactions for an a-ketol 
were positive. Concentrated sulfuric acid produced a brown color with- 
out fluorescence. The ultraviolet spectrum had no absorption maximum. 
The spectrum of the sulfuric acid chromogen had maxima in the regions 
of 290 to 305 my and 405 to 415 my. The curves with Substance C-lc 
obtained from the fractionation of different aliquots of extract were not 
identical. The chromatographic behavior was that of a CO; compound 
more polar than 17a-hydroxycorticosterone. Mixed chromatograms gave 


_ two spots with each of the pure compounds available. The acetylated 


material moved like a di- or polyacetate. 

It is our impression that this material is a complex mixture of several 
steroids. 60 to 80 y per pound of adrenal gland were found. 

Substance C-1d was identified as 17a-hydroxycorticosterone from these 
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data. The TPTZ and alkaline silver reactions were compatible with an 
a-ketol. A yellow-green color with green fluorescence was obtained on 
treatment with sulfuric acid. The ultraviolet absorption spectrum had a 
maximum at 240 mg. The spectrum of the sulfuric acid chromogen was 
identical to that of 17a-hydroxycorticosterone with maxima at 240, 280, 
395, and 475 mu. The compound chromatographed with the known ac- 
tive CxO, corticosteroids. In a mixed chromatogram with 17a-hydroxy- 
corticosterone it gave one spot. The acetate gave the same color reactions 
and sulfuric acid and ultraviolet absorption curves as the free compound. 
A mixed chromatogram with the authentic acetate gave one spot. 
Parallel data were obtained when the free compound was propionated. 
Chromic acid oxidation of the acetate gave a derivative identical with 
cortisone 21l-acetate, the expected 11-keto compound. The identity was 
determined by mixed chromatogram and measurement of the absorption 
spectrum of the sulfuric acid chromogen (maxima at 285, 345, and 415 
mu). Between 120 and 140 y per pound were found. 

Substance C-2a was tentatively identified as allopregnane-38 , 17a ,21- 
triol-20-one (Reichstein’s Compound P). The substance reacted to TPTZ 
and alkaline silver like an a-ketol. The concentrated sulfuric acid re- 
agent gave no color or fluorescence. There was no maximum absorption 
in the ultraviolet region. On fractionation the compound behaved like 
Compound P and gave one spot in a mixed chromatogram with it. Ace- 
tylation produced a derivative which moved near the solvent front. The 
sulfuric acid chromogen of the ester was similar to that of Compound P 
3,21-diacetate having absorption maxima at 300 and 403 mg. The former 
peak appeared slightly skewed as compared to that of the authentic com- 
pound, with which this maximum was at 315 mu. 

The Compound P content per pound of gland was estimated to be 110 
to 140 

Substance C-2b was identified as 11-dehydro-17a-hydroxycorticosterone 
(cortisone). The TPTZ and alkaline silver reactions were those of an 
a-ketol. The substance gave an intense blue color with the iodine re- 
agent. Treatment with concentrated sulfuric acid produced neither color 


nor fluorescence. The ultraviolet spectrum had an absorption maximum 


at 240 mu. The spectrum of the sulfuric acid chromogen corresponded 
to that of cortisone and had maxima at 285, 345, and 415 mu. The com- 
pound’s chromatographic behavior was like pure cortisone and gave one 
spot with this steroid in mixed chromatograms. The acetate and pro- 
pionate on mixed chromatogram with the appropriate pure cortisone ester 
gave a single spot. The sulfuric acid chromogens had the same absorption 
curves as the free compound. 
The amount of cortisone found was 110 to 140 y per pound of gland. 
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Substance C-2c has not been identified. The color reactions for an 
a-ketol were positive. Concentrated sulfuric acid produced no color or 
fluorescence. The ultraviolet absorption curve had no maximum. The 
spectrum of the sulfuric acid chromogen was unlike any of the pure com- 
pounds studied. With the free compound the curve obtained had ab- 
sorption maxima at 290 and 415 mg. The movement on fractionation 
was that of a CxO, or CxO, steroid. Mixed chromatograms showed 
this material to give two spots with each of the known compounds in our 
collection. On acetylation the substance moved like a di- or polyacetate. 
The sulfuric acid chromogen of the chromatographically recovered acetate 
was different from that of the free substance and had maxima at 270, 
315, and 440 mg. This curve also differed from any of the known com- 
pounds tested. 

This change in the curve of the sulfuric acid chromogen of the acetate 
indicated that the free compound, at least, was not homogeneous. 

The absence of an ultraviolet absorption maximum and the formation 
of a fast moving acetate suggest that this material possesses a C-3 hy- 
droxyl group. The chromatographic behavior of the free compound, mov- 
ing slightly faster than cortisone, is compatible with that expected with 
allopregnane-3a ,17a,21-triol-20-one or 
20-one (Reichstein’s Compound R). Since neither of these two steroids 
was available to us, this hypothesis could not be tested by mixed chroma- 
togram. It should be mentioned that the sulfuric acid spectra of the 
acetate of Substance C-2c and of Compound R 3,21-diacetate were not 
identical. This difference does not necessarily eliminate the possibility 
that Compound R diacetate is present in acetylated Substance C-2c, since 
it is not certain that even the latter represents a single substance. 

The gland content of Substance C-2c was estimated to be 110 to 140 y 
per pound. 

Substance C-3 was not identified. The reactions with TPTZ and alka- 
line silver were those of an a-ketol. Concentrated sulfuric acid gave no 
color or fluorescence. The ultraviolet absorption curve had no maximum. 
The spectrum of the sulfuric acid chromogen had maxima at 310, 385, 


~ and 440 mg. This did not match the curves of any of the pure compounds 


studied. The chromatographic behavior was that of a C».O, compound. 
Mixed chromatograms with each of the pure steroids available gave two 
spots. The acetylated derivative moved near the solvent front like a di- 
or polyacetate. The spectrum of the sulfuric acid chromogen of the ace- 
tate showed maxima at 310, 380, and 440 my with a marked change in 
the relative heights of the three peaks compared to the curve of the free 
material. This change suggested that the free material, at least, was not 


pure. 
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The absence of an ultraviolet absorption maximum and the formation 
of an acetate which moved near the solvent front suggested the presence 


of a C-3 hydroxyl group. 


100 to 130 y of Substance C-3 were found per pound of gland. 


TaBLe I 


Quantities of Various a-Ketolic Steroids Isolated Compared to Amounts Found by 


Previous Investigators 


Chemical name Letter designation nation 
| 7 
Allopregnane-38 , 118, 17a,21- 

tetrol-20-one.............. V (Reichstein) | C-la (?) 45- 60, 
Allopregnane-3a,118,17a,21- 

tetrol-20-one.............. C Not found 
Allopregnane-38, l7a,21-triol- 

17a-Hydroxycorticosterone.... F (Kendall) C-ld 120-140 
Allopregnane-38 17a, 21-triol- 

P (Reichstein) | C-2a 110-1 
11-Dehydro-l7a-hydroxy- 

corticosterone (cortisone).. FE (Kendall) C-2b 110-1 
Allopregnane-3@ , 118 ,21-triol- 

R (Reichstein) | C-2e (?) 110-140 
Allopregnane-3@ , 21 -diol- | 

11,20-dione................ N B-la 
11-Desoxy-l7a-hydroxy- 

corticosterone............. Not found 
Corticosterone............... B (Kendall) B-lb 400 
11-Dehydrocorticosterone.... A ” B-2 400 
11-Desoxycorticosterone..... Q (Reichstein) 10- 20 

C3 100-130 


tity isolated by 
workers 
per Ib. gland 
 (:)) | 
135 (9) 
(10) 
500 (10) 
6 (10) 
340 (10) 
333 (10) 
12.5 (10) 


* Data not available. 


t The figures in parentheses represent bibliographic references. 


DISCUSSION 


The twelve a-ketolic compounds isolated by us are compared in Table I 


with those found by previous workers (9, 10). 


As indicated above, the | 


identity of Substances C-la and C-2c has not been proved, but their chro- 
matographic behavior indicated that they might contain Reichstein’s Com- 
pounds V and R, respectively. 

It is interesting that, although we have found smaller quantities of 
cortisone than most of the previous workers, we have isolated rather large 
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amounts of Reichstein’s Compound D, the allo-38-hydroxy reduction 
product of cortisone. 

Reichstein’s Compounds C and S were not found. If present, they 
would be expected to lie on areas of the chromatograms close to Compound 
D (Substance C-1b) and Compound N (Substance B-1la), respectively. If 
Compounds C and 8 were present in the small amounts indicated by pre- 
vious work (Table I), it is possible that they were obscured by Compounds 
D and N, which were present in rather large quantities. 

Substances C-le and C-3 may represent two new a-ketolic steroids of 
the and CuO, series, respectively. 

The finding of small amounts of 11-desoxycorticosterone in these ex- 
tracts corroborates the earlier isolation of this substance by Reichstein 
and von Euw (2) and adds support to the view that this compound is 
a natural adrenocortical product. 


SUMMARY 


A procedure is described for the fractionation of complex mixtures of 
adrenocortical steroids by paper chromatography. The separated com- 
pounds are subjected to a systematic method for identification embracing 
spectrophotometry and paper chromatography. 

Analysis of a commercial extract of beef adrenal glands revealed the 
presence of twelve a-ketols of which eight, including 11-desoxycorticos- 
terone, were identified. 


The authors wish to acknowledge the valuable technical assistance in 
this work of Frank Ganis. 
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CORTICOSTEROIDS IN URINE OF NORMAL PERSONS 
DETERMINED BY PAPER CHROMATOGRAPHY* 


By ROBERT B. BURTON, ALEJANDRO ZAFFARONI,f{ anv 
E. HENRY KEUTMANN 


(From the Departments of Medicine and Biochemistry, School of Medicine and 
Dentistry, The University of Rochester, Rochester, New York) 


(Received for publication, June 19, 1951) 


The presence in human urine of small amounts of material with adreno- 
cortical activity is well established (1, 2). The chemical characterization 
of this urinary material by the classical methods used for the steroids in 
adrenal glands has been technically difficult. In the six reported instances 
(3-8) in which corticoids have been isolated and identified by these pro- 
cedures, extracts of large volumes of urine containing quantities of corti- 
costeroids of the order of several mg. were employed. These methods, 
furthermore, cannot be routinely used in the isolation of the corticosteroids 
present in conveniently small aliquots of urine. 

A paper chromatographic method for the separation of microgram quan- 
tities of adrenocortical steroids has already been reported (9). In the 
preceding paper (10), the value of this procedure has been demonstrated 
in the separation of the components in small quantities of adrenal cortex 
extract and a systematic method for the identification of these corticoid 
components, embracing both chromatographic and spectrophotometric 
techniques, has been described. The application of this method to the 
analysis of urinary extracts for their minute content of corticoids is com- 
plicated by the presence of very much larger quantities of pigments and 
other contaminating materials. The procedure devised for urine extracts 
is, consequently, more lengthy than that used in the analysis of adrenal 
extracts. 

This paper describes a method which requires relatively small samples 
of urine and can, therefore, be used in extensive studies of corticoid ex- 
cretion patterns. Also given are the results of the analyses of urine speci- 
mens, each representing 3 days excretion, from normal persons, in which 
the presence of 17a-hydroxycorticosterone (Kendall’s Compound F) and 
of 11-dehydro-17a-hydroxycorticosterone (cortisone) was demonstrated, as 
reported in preliminary communications (11, 12). 

* This investigation was supported, in part, by a research grant from the National 
Cancer Institute, National Institutes of Health, United States Public Health Ser- 
vice. 

t Postdoctoral Fellow of the National Cancer Institute. Present address, Re- 
search Laboratories, Syntex, S. A., Laguna Mayran 413, Mexico, D. F. 
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EXPERIMENTAL 

Urine Collection and Extraction—Individual urine specimens representing 
72 hours excretion were collected from twelve normal persons, six males 
and six females. These specimens, with the exceptions indicated below, 
were separately analyzed throughout. The specimens were kept in a re- 
frigerator during collection with a small amount of toluene added as a 
preservative. Thymol could not be used for this purpose, since it was 
found to increase the bulk of the extract and to interfere with the chromato- 
graphic fractionation. Anhydrous sodium sulfate, technical grade, was 
added with stirring to give a concentration of 70 gm. per liter, in order 
to reduce emulsion formation during the extraction. The urine was acidi- 
fied to pH 1 against the hydrogen electrode with 50 per cent sulfuric acid 
(volume per volume). The specimens were then continuously extracted 
with U. S. P. ether for 48 hours in apparatus designed to accommodate 
urine volumes of 3 to 5 liters. 

Each ether extract was evaporated to dryness.' The residue was dis- 
solved in 200 ml. of U.S. P. chloroform and the chloroform solution washed 
with 25 ml. portions of 0.1 N sodium hydroxide. The alkali washings 
were repeated until no more pigment was removed from the chloroform 
phase, a minimum of four washings being carried out in all cases. The 
chloroform solution was then washed with two 25 ml. portions of 0.1 N 
hydrochloric acid and sufficient 25 ml. portions of distilled water to re- 
move all traces of acid. Each alkali, acid, and water wash was reextracted 
with one 15 ml. portion of chloroform which was added to the original 
chloroform solution before the next wash was carried out. The chloro- 
form solution was dried with c.p. anhydrous sodium sulfate and decanted 
through sintered glass. The salt, transferred to the filter, was washed 
three times with 20 ml. portions of chloroform which were added to the 
original solution. This neutral extract was evaporated to dryness and the 
residue ultimately transferred quantitatively to a 10 X 75 mm. test-tube 
with U. S. P. methanol. The methanol was evaporated and the tubes 
stoppered and stored in a refrigerator until further analyzed. 


The scheme of paper chromatographic fractionation, purification, and | 


analysis to which these extracts were then subjected is presented in the 
flow sheet in Fig. 1. 

Fractionation of Neutral Extracts—The neutral extracts were divided into 
three fractions, A, B, and C, by the paper chromatographic technique and 
apparatus described previously (9, 10). The papers were of the same shape 
as those described in the preceding article, except that a slot 0.5 em. wide 


‘In all instances solvents were evaporated at temperatures under 45°, either in 
@ vacuum or under a stream of nitrogen, in apparatus of the type previously men- 
tioned (10). 
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72 HOUR SPECIMEN 
NEUTRAL EXTRACT 
CHROMATOGRAPHED IN B-F 48 HOURS 
OVERFLOW OVERFLOW R ORIED 
0-5 HRS. 5-48 HRS. 
FRACTION A 8 DISCARD 
BALANCE PIGMENT 
CHROMAT. aun 
DISCARD \ 
PIGMENT iF NEC. PIGMENT AT 
0.0.C. \ crest OF ys T.- PG. 
WEA ELUTED a 2 ELUTED REPEAT DISCARD 
IF , NEC. PIGMENT 
OF OF PAPER 
CHROMAT. NARROW STRIP ELUTED 
BUTANOL - | | 
NH40H STRIP DIVIDED CHROMAT. 
ASCENDING LENGTHWISE T.-PG. 
STRIP 
PIGMENT COLOR 
*-3-KETO- -KETOLS STRIP DIVIDED 
ETIOCHOLENIC INDIVIDUAL THWISE 
ACID ELUTED COMPDS. 
ELUTED FOR COLOR 
_ CHROMAT. FURTHER el -KETOLS NDIVIDUAL 
BUTANOL - —s AND STEROIDS 
NH4OH | SPECIAL ELUTED FOR 
SAMPLE ON REACTIONS FURTHER 
05 CM AREA TESTS 
TEST 


NOTE: B.-F = BENZENE-FORMAMIDE (METHANOL - DILUTED) 
B.-F*%= BENZENE- FORMAMIDE (UNDILUTED) 


T.-RG. = TOLUENE -PROPYLENE GLYCOL (METHANOL - DILUTED) 
Fia. 1. Analysis of urinary corticoids by paper chromatography 
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near one lateral edge was cut from the bottom to a point 2 cm. above the 
starting line so as to give a 1.0 cm. wide pilot limb and 15.5 cm. wide main 
limb. 

The fractionation of the urine extracts was similar to that used for 
adrenal cortex extracts (10) with certain modifications. The papers were 
impregnated with a 50 per cent solution (volume per volume) of forma- 
mide in absolute methanol. The bulky urine extracts could be applied in 
a narrower zone along the starting line when formamide rather than pro- 
pylene glycol was used as the impregnating solvent. The extracts were 
applied to the main limb and 25 ¥ of cortisone to the pilot limb. Develop- 
ment with formamide-saturated benzene (350 ml. in the reservoir trough) 
was carried out for 48 hours and the overflow collected in two separate 
beakers. The solvent collected during the first 5 hours constituted Frac- 
tion A. That collected during the next 43 hours constituted Fraction B. 
The paper was dried with a warm air fan for 6 hours and the pilot limb 
cut off and treated with triphenyltetrazolium chloride (TPTZ) reagent (9). 
The presence of the spot of cortisone on the lower one-third of the strip 
served as an indication that the rate of movement of steroids during the 
fractionation procedure was comparable from run to run. A pigmented 
zone which never extended more than 1.5 cm. below the starting line of 
the main limb was discarded by cutting immediately below it. The re- 
mainder of the main limb was eluted to give Fraction C. 

Fractionation of mixtures of the six active corticosteroids by this modi- 
fied procedure gave the same distribution of compounds as that obtained 
with the use of the toluene-propylene glycol system (10). 

Purification and Analysis of Fractions—In order to detect the very small 
amounts of individual corticoids, it was necessary to perform the analyti- 
cal chromatograms on paper strips as narrow as possible. Since the frac- 
tions obtained at this point were too bulky to be applied to strips suffi- 
ciently narrow, it was necessary to purify them by chromatography on 
wide papers before the analytical runs. The purification steps will be de- 
scribed along with the analytical conditions for each of the three fractions. 

Fraction A—This fraction, the bulkiest and most highly pigmented of 
the three, was analyzed for the presence of 11-desoxycorticosterone. The 


entire fraction was applied to a paper impregnated with undiluted for- — 
mamide of the dimensions and shape given above. Approximately 25 7 — 
of 11-desoxycorticosterone were applied to the pilot and the chromatogram | 


was developed with benzene for 4 hours. The paper was dried and the 
pilot treated with TPTZ. The portion of the main limb corresponding 
to the position of 11-desoxycorticosterone was removed by cutting along 
lines 2 em. above and 2 cm. below the limits of the pilot spot. The re- 
mainder of the paper, usually highly pigmented, was discarded. The 11- 
desoxycorticosterone zone was eluted and the eluate evaporated to dryness. 
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The residue obtained was still too pigmented and bulky to permit 
chromatographing on strips sufficiently narrow to allow detection of very 
small amounts of 11-desoxycorticosterone. In order to circumvent this 
difficulty the residue was treated with periodic acid (10), thereby oxidizing 
any 11-desoxycorticosterone to A‘-3-ketoetiocholenic acid, a compound of 
markedly different chromatographic properties. 

It was now possible to separate any etioacid from the bulk of contami- 
nants by paper chromatography by using the system, n-butanol: 10 per 
cent aqueous ammonium hydroxide (10). Dry filter paper sheets, 28 x 42 
cm., were prepared with a starting line drawn parallel to and 6 cm. from 
one of the narrow edges. Marks were placed along the starting line 7 cm. 
from each side edge, thus designating a central 14 cm. long segment of the 
line to which the residue was evenly applied. Several 50 ul. portions of 
absolute methanol were used in the quantitative transfer of the residue 
to the filter paper. Approximately 20 y samples of pure A‘-3-ketoetio- 
cholenic acid were applied to points on the starting line 2 cm. from each 
side edge. The blank spaces 5 cm. wide separating the reference com- 
pound from the urinary material were sufficient to prevent any cross- 
diffusion during development. The papers were stapled to form cylinders 
and were developed with the butanol system in the manner outlined 
(10). 

After drying the paper, strips containing the reference compound were 
obtained by cutting along lines parallel to and 4 cm. from each side edge. 
The reference strips were exposed to hydrochloric acid fumes for 1 to 2 
minutes and then were sprayed lightly with the iodine reagent (9), where- 
upon a blue spot appeared at the position of the etioacid (Rr = 0.60). 
The corresponding area of the untreated central portion of the chromato- 
gram was cut out and eluted with methanol. The methanol was evapo- 
rated, leaving a residue of very small bulk with a slight brownish color. 
It was then possible to apply quantitatively this small quantity of material 
to a circular area about 0.5 cm. in diameter on the starting line of another 
chromatogram, which again carried reference samples of the authentic 
etioacid. Development was carried out as in the preceding run. This 
time the entire sheet was treated with the iodine reagent. 

In a model experiment 20 + of pure 11-desoxycorticosterone were added 
to one-half of a 144 hour urine extract. Each of the two aliquots was 
treated by the above procedure. In the final chromatogram of the aliquot 
with added 11-desoxycorticosterone, a blue spot was found with an R, 
value identical to that of the reference sample of etioacid. This spot was 
absent in the chromatogram of the other aliquot, a finding common to all 
of the urinary specimens we have studied (see below). 

Fraction B—The residue obtained on evaporation of the benzene was 
chromatographed on the main limb of a 17 cm. wide paper. Approxi- 
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mately 25 y of 11-dehydrocorticosterone were applied to the pilot limb.’ 
The paper was developed with either benzene-formamide or toluene-pro- 
pylene glycol (polar solvent diluted with an equal volume of methanol for 
impregnation) for 5 hours with 350 ml. of solvent in the reservoir. At 
the end of this period it was dried, and the pilot limbs were cut off and 
treated with TPTZ. The presence of 11-dehydrocorticosterone, the fast- 
est moving Cx,0, corticoid, on the pilot was taken as evidence that none 
of the steroids belonging in Fraction B had run off the main limb. A 
heavily pigmented zone which never extended more than 3 cm. below the 
starting line was usually seen on the main limb. The paper was divided 
along a line just below this zone, which was discarded. Model chromato- 
grams with pure compounds mixed with this pigmented material showed 
that neither 11-desoxy-17a-hydroxycorticosterone, corticosterone, nor 11- 
dehydrocorticosterone was ever present in this discarded area. The re- 
mainder of the paper was eluted with methanol and the solvent evaporated. 

The residue obtained at this point was still too bulky and pigmented, 
at times, for final analysis. Overloading of the preceding chromatogram 
may have been the responsible factor. When the above procedure was 
repeated, however, sufficient purification was usually obtained, more pig- 
ment being retained in the upper zone. In one case (C. W.) large quan- 
tities of other pigments were encountered close to the positions of the 
known C,,O, corticoids. Since they could not be eliminated, the final 
analysis could not be carried out. 

For the final analytical run a paper 42 cm. long, consisting of two 1.0 
cm. wide limbs, was prepared. The purified residue was quantitatively 
transferred to one of the limbs and approximately 20 y each of corticos- 
terone and 11-dehydrocorticosterone* were applied to the other limb. 
When residues representing excretion periods of other than 72 hours were 
analyzed, the limbs to which they were applied were made of a width 
corresponding to 1.0 cm. for every 72 hours of extract. The chromatogram 
was developed with the same solvent systems and under the same condi- 
tions used in the purification steps. After drying, a strip 0.25 cm. wide 
was cut lengthwise from the limb containing the urinary residue. This 
and the reference limb were treated with TPTZ and compared. If a 


spot was found on the treated urinary strip, the corresponding area of the | 


other strip was cut out and eluted, and the material saved for further 
Fraction C—The residue obtained on evaporation of the methanol, still 
too bulky and pigmented for final analysis, was applied to the main limb 
* We have also used for this purpose Fraction B obtained from commercial aqueous 
adrenal cortex extracts (10). Aliquots of adrenal Fraction B corresponding to 0.5 
mil. of the original aqueous preparation were used in the pilot. 


ES 


thos 
elut 
tify 
of t 
few 
trac 
ide 
C 
a-ke 
indi 
deve 
cent 
chre 
tico 
|/ 
te if 
met 
| ced 
| utili 


SE FR eT SSS 


BURTON, ZAFFARONI, AND KEUTMANN 775 


of a 17 cm. wide paper. Approximately 20 7 of cortisone’ were applied 
to the pilot limb. The chromatogram was developed with toluene-pro- 
pylene glycol (methanol-diluted) for 48 hours with 350 ml. of solvent in 
the reservoir. The paper was dried and the pilot limb treated with TPTZ. 
The presence of cortisone on the pilot was again taken as evidence that 
no CO; steroid had run off the main limb. Additional pigment which 
was retained in the area close to the starting line was discarded and the 
rest of the main limb eluted. 

For the analytical chromatogram a 42 cm. long paper with two limbs 
was prepared. The pilot limb, to which approximately 20 y of cortisone* 
were applied, was made 1.0 cm. wide. The limb for the urinary residue 
was of a width corresponding to 1.0 cm. for each 24 hours of extract ana- 
lyzed. This paper was also developed with the toluene system under the 
conditions given above. After drying, two 0.25 cm. wide strips were cut 
lengthwise from the urinary limb. One strip and the pilot limb were 
treated with the TPTZ reagent and the positions of the spots compared. 
The other strip was treated with the iodine and sulfuric acid reagents as 
described below. Areas of the remaining urinary limb corresponding to 
those of the spots on the TPTZ-treated urinary strip were cut out and 
eluted. 

Identification of Isolated Materials—Our purpose in this work was to iden- 
tify the corticosteroids in the separate specimens. Because the amounts 
of the principal compounds obtained in each case were very small, only a 
few of the procedures described for the final identification of adrenal ex- 
tract components (10) could be used. These are listed below. In some 
specimens additional compounds were isolated in quantities too small for 
identification. 

Color Reactions—Alkaline silver nitrate (9) was at first used to detect 
a-ketols on the chromatograms. More recently the TPTZ reagent, as 
indicated above, was used. The iodine reagent was used upon areas of 
developed chromatograms corresponding to the position of cortisone. Con- 
centrated sulfuric acid (10) was used upon areas of developed, untreated 
chromatograms corresponding to the position of known 11-8-hydroxycor- 
ticoids or of 11-desoxy-17a-hydroxycorticosterone. 

Ultraviolet Absorption Spectrum—An aliquot of the eluted urinary ma- 
terial corresponding to at least 20 to 30 y was dissolved in 3 ml. of absolute 
methanol and its spectrum determined from 220 to 270 mu. 

Mixed Chromatograms—Due to the small amounts of material, the pro- 
cedure previously described (10) was modified so that a paper with two 

* Fraction C, obtained from commercial aqueous adrenal extracts (10), was also 
utilized for this purpose. Aliquots of this fraction corresponding to 0.7 ml. of the 
original preparation were used in the pilot. 
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limbs, each 0.5 em. wide, was used. An aliquot of the unknown cor- 
responding to about 15 7 and an equal amount of the known were applied) 
at the starting line of one of the limbs. A second aliquot of the known was 
placed on the other limb. 
Preparation of Acetates and Propionates—These were prepared (10) from] ...; 
aliquots of the eluted compounds representing about 20 to 25 y of steroid. 
Mixed chromatograms were carried out with modification as described. 


RESULTS AND DISCUSSION 


The a-ketolic compounds found in the urine specimens of the twelve} R.- | 
normal subjects are listed in Table I. It should be pointed out that 
steroids originally present in the urine as glucuronide conjugates probably 
were noc hydrolyzed by the procedure employed and were not, therefore,| | 
present in the neutral extracts. 

11-Desoxycorticosterone (as A‘-3-ketoetiocholenic acid) was not found 
in Fraction A of any of the twelve specimens. In the six specimens ana- 
lyzed separately (R. B., E. K., H. N., R. H., A. 38., L. Z.), the negative R. | 
result indicated that, if free 11-desoxycorticosterone was normally excreted, 
it was in amounts less than 5 y per day (the iodine reagent detects a mini- A. : 
mum of 15 y under the conditions described (9)). In the remaining six 
cases the subfractions in which the etioacid might be found were pooled 
and one final analytical chromatogram was run with the combined material 
representing 18 days excretion. If non-conjugated 11-desoxycorticosterone 
was excreted by these subjects, it was, therefore, in quantities under 0.87 R. | 
daily. The low solubility of 11-desoxycorticosterone in water suggests 
that, if this steroid is normally excreted, it probably would be as the 
glucuronide or some other water-soluble conjugate. 

No a-ketol was found in Fraction B of eight specimens. In the re- 
maining four, small quantities of TPTZ-reducing material were noted on A. | 
the final chromatograms. In two instances (R. B., H. N.) material was 
seen at positions near those of corticosterone and 11-dehydrocorticosterone, 
designated Subfractions' B-2 and B-3, respectively. In the other two 
(A. 8., F. K.) the spot, Subfraction B-2, was seen again, as well as another, 
designated Subfraction B-1, at a position somewhat above that of cor- L. j 
ticosterone. In none of these specimens was sufficient material present 
for characterization. | es 

All specimens contained, in Fraction C, two compounds which were t! 
identified as 17a-hydroxycorticosterone (Kendall’s Compound F) and 
dehydro-17a-hydroxycorticosterone (Kendall’s Compound E or cortisone). § 
The former compound was identified on the basis of these data: (1) It “71- 


‘ Unidentified urinary materials, designated subfractions for convenience, should had 
not be considered synonymous with subfractions described in the preceding paper Teag 
(10). 
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| | 
| | 
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efore,| 52)“ | 72 hr. (36 hr. 
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prone 3+ 
O87 R.H. | 23)“ | 72hr. C-1 1+ 
gests Compound F 
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| 2+ Compound F | 
© re- | E 4+ 
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was | | B-2 2+ Compound F 2+ 
"| CW. | 3 | “| 18day$ Not analyzed C-1 1+ 
| (pigment) Compound F | 2+ 
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| ° 72 hour aliquot unless otherwise noted. 


were 24 hour aliquot. 
t Fractions pooled. 

10 to 15 y; 1+ = to Wy; 2+ = Wto%wB 7; 3+ = WtoWy,; 4+ = 
1) Tt 


ould, had a positive reaction for an a-ketol group with TPTZ or alkaline silver 
aper Teagents. (2) It had yellow-green color with green fluorescence on treat- 
ment with concentrated sulfuric acid, typical of 17a-hydroxycorticosterone. 
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(3) The ultraviolet absorption spectrum had a maximum at 240 my 
characteristic of a,8-unsaturated ketosteroids. (4) Its chromatographic 
position was that of 17a-hydroxycorticosterone. This was borne out by 
the behavior in mixed chromatograms with authentic 17a-hydroxycorticos- 
terone. (5) The acetate and propionate each behaved like the respec- 
tive ester of authentic 17a-hydroxycorticosterone in mixed chromatograms, 
Cortisone was identified from these data in each case: (1) positive reactions 
with either TPTZ or alkaline silver reagents; (2) intense blue color with 
the iodine reagent, a reaction given only by 11-dehydro-17a-hydroxycor- 
ticosterone of the many a-ketolic steroids tested (8); (3) maximum ultra- 
violet absorption at 240 my; (4) chromatographic behavior identical to 
that of authentic cortisone, as shown by mixed chromatograms; (5) the 
acetate and propionate derivatives each behaving like the respective au- 
thentic ester in mixed ¢ 

By rough matching of the size and intensity of the spots of these urinary 
compounds with those given by known amounts of pure 17a-hydroxycor- 
ticosterone and 11-dehydro-17a-hydroxycorticosterone, it was estimated 
that all subjects excreted between 15 and 40 y of each compound daily. In 
each specimen the amount of cortisone was slightly the greater. In six 
instances these estimates were checked by measurement of the optical 
density of the eluted urinary compounds at 240 mz (10). It is of interest 
that the combined amounts of cortisone and Compound F excreted by 
these subjects correspond closely to the amounts reported by Venning and 
Kazmin (2), who found that the total glycogenic activity of extracts of 
urine of normal persons corresponded to between 25 and 85 y of active 
CxO; corticoid per day. 


In six specimens a third material, Subfraction C-1, which moved slower | 
than 17a-hydroxycorticosterone, was found in Fraction C. In no case was 


the amount excreted greater than 20 y daily (visual estimate of the spots). 
The position of this material on the chromatograms indicated that it was 


more polar than 17a-hydroxycorticosterone. On the basis of our work 


with adrenal cortex extracts (10), it was suspected that this material was 
not homogeneous. The small amounts obtained prevented its fractiona- 
tion and further attempts at its identification. ; 

The isolation of biologically active adrenocortical steroid from human 
urine was first reported by Mason and Sprague (3). These investigators 
isolated 17a-hydroxycorticosterone from the urine of a patient with Cush- 
ing’s syndrome, whose excretion of this steroid was of the order of several 
mg. daily. 


Schneider (5, 6) has reported the isolation of cortisone, pregnane- 
17a ,21-diol-3 ,11,20-trione, pregnane-3a,17a,21-triol-11,20-dione, and 


17a-hydroxycorticosterone from pooled extracts of urine collected during 
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the daytime from normal males. He extracted 1000 liters of urine and iso- 
lated 55.3 mg. of cortisone and 6 mg. of the related 3a-hydroxypregnane. 
The quantities of the other compounds were not recorded. 


SUMMARY 


A method utilizing paper chromatography is described for the analysis 
of adrenocortical steroids in urine extracts. Specimens of urine from 
twelve normal persons representing relatively small periods of excretion 
were separately analyzed. All the subjects excreted both cortisone and 
17a-hydroxycorticosterone in amounts between 15 and 40 y of each daily. 
In some cases smaller amounts of uncharacterized material, probably ster- 
oids of the CO, and Cy,O, series, were found. None of the specimens 
could be shown to contain 11-desoxycorticosterone. 


The authors are indebted to Miss Elizabeth Schuler and Miss Helen 
Schantz for valuable technical assistance in this study. 
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ROLES OF GLUTAMINE IN GROWTH OF LACTOBACILLUS 
ARABINOSUS* 


By PADMASINI AYENGAR, EUGENE ROBERTS, anv G. B. RAMASARMAT 


(From the Wernse Laboratory of Cancer Research of Washington University 
School of Medicine, St. Louis, Missouri) 


(Received for publication, July 13, 1951) 


A characteristic sigmoidal dose-response curve is usually obtained for 
L-glutamic acid in microbiological assays. When small amounts of t-glu- 
tamine are added to the basal medium, the response to glutamic acid is 
markedly enhanced at the lower concentrations (1). Archibald reviewed 
the known physiological réles of glutamine in plants, animals, and micro- 
organisms (2). In an addendum to the latter review, numerous references 
were given to reports showing growth-stimulating effects of glutamine on 
various strains of bacteria, fungi, and protozoa. Subsequently, important 
progress was made in the knowledge of the mechanism of glutamine syn- 
thesis (3, 4) and of the participation of glutamine in amide exchange re- 
actions in bacteria (5, 6), plants (7), and animals (8), and in transamination 
in animal tissues (9). However, little is known of the importance of these 
reactions in growth processes. The purpose of the present investigation 
is to extend such knowledge by a study of the influence of glutamine on 
the utilization for growth of the optical isomers of glutamic acid and of 
a-ketoglutarate by Lactobacillus arabinosus 17-5. ' 


EXPERIMENTAL 


Compounds Used—t-Glutamine and t-glutamic acid were purchased 
from General Biochemicals, Inc., and a-ketoglutaric acid from Nutritional 
Biochemicals Corporation. The glutamine was found to give the same 
microbiological responses as did a sample of pure synthetic glutamine 

kindly given us by Dr. Max Berenbom. We are grateful to Dr. J. P. 
Greenstein and Dr. M. S. Dunn for gifts of p-glutamic acid, to Dr. J. S. 
Fruton for a sample of isoglutamine, and to Dr. Alton Meister for generous 
amounts of L-isoglutamine, phenylpyruvic acid, a-ketoisovaleric acid, and 
the y-methylamide of glutamic acid. 

Assay Methods—L. arabinosus 17-5 was used in all experiments. The 
organism was maintained with bimonthly transfers on agar stabs having 
| * This investigation was supported by research grants from the National Cancer 
Institute, National Institutes of Health, United States Public Health Service, and 


the Charles F. Kettering Foundation. 
t Eli Lilly Research Fellow. Present — Raptakos, Brett and Company, 


Ltd., Bombay, India. 
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the following percentage composition: agar 2.0, glucose 1, tryptose 1, yeast 
extract 1, pancreatic digest of liver 0.5, sodium acetate 0.6, and Tween 80 
0.01. In addition were added 5 volumes per cent of norit-treated tomato 
juice and 2 volumes per cent of salt solution (10). For the preparation 
of inoculum, the organism was grown for 18 hours in liquid medium of the 
same composition as the agar stabs in all cases unless otherwise noted. 
The cells were centrifuged, washed twice with sterile water, and resus- 
pended in a suitable volume of sterile water to give an optical density of 
0.43 to 0.51. 1 drop of such a suspension was used for every 10 ml. of 
triple strength basal medium. The basal medium used in these experi- 
ments had the same composition as that reported by Henderson and Snell 
(10). Any changes effected in the composition of the basal medium will 
be discussed in individual sections dealing with them. 10 mm. X 75 mm. 
tubes, matched against each other in the colorimeter, were used for the 
assay. The final volume of the assay medium was 1.5 ml. per tube. The 
basal medium and the test samples were added to the assay tubes with 
the aid of the rapid automatic dispenser of Cannon. The pH of the assay 


medium was 7.0 in all experiments except those in which the influence of 
pH was tested. All incubations were made at 37°. Glutamine and other 
compounds tested for glutamine effect were sterilized by Seitz filtration 
and were added aseptically. Turbidity measurements, as an index of 
growth, were made in a Coleman junior spectrophotometer (model 6A) 
at a wave-length of 600 my. When turbidity readings were taken at 
different time intervals with the same tube, the individual tubes were. 
covered with close fitting metal caps. 


Preparation of Bacterial Glutamic Acid Decarboxylase—Escherichia coli, ' 


strain E26, Iowa State College, was grown in a medium containing 0.8 
per cent glucose, 0.4 per cent ammonium sulfate, 0.8 per cent KH:2PO, 
and 1 per cent L-glutamic acid.!. Tap water was added (1500 ml.) and 
the volume brought to 7 liters with distilled water. 75 mg. of pyridoxine 


were added and the pH of the medium adjusted to 5.0. The culture was 
first grown in 500 ml. of the medium for 24 hours and was then trans- 
ferred to 6 liters and grown without aeration at 37° for 36 hours. The 
cells were harvested and washed three times with 80 ml. of 0.85 per cent 
saline. Measurements of CO, liberation were made with conventional 
manometric techniques at a pH of 4.2 (acetate buffer) with nitrogen as the 
gas phase. An acetone powder was made from 8 gm. of wet weight of 
cells by being suspended in a large excess of acetone at —15° and by fil- 
tering with suction. The material was then dried in vacuo over silica gel 
and paraffin at 4° and ground to a fine powder in a mortar and pestle. 


1 We are grateful to Dr. Samuel J. Ajl for growing the bacteria. 
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1.5 gm. of powder were thus obtained. Prior to use, suitable quantities 
of the powder were suspended in 0.1 M acetate buffer with the aid of a 
ground glass homogenizer. 3 mg. of the powder brought about the quan- 
titative decarboxylation of 12 um of glutamic acid in 10 minutes in the 
presence of 0.002 m cetyltrimethylammonium bromide with an isomolar 
formation of y-aminobutyric acid (11). Pyridoxal phosphate had no acti- 
vating effect on the enzyme, indicating that resolution of the enzyme had 
not taken place during the preparation. The acetone powder had no ac- 
tivity on lysine, arginine, histidine, and tyrosine, or on the complete glu- 
tamic acid-deficient medium used in the experiments to be described. No 
CO, formation occurred from p-glutamic or a-ketoglutaric acid. Gluta- 
mine was attacked at approximately 10 per cent of the rate found for 
glutamic acid. Since the acetone powder showed no O, uptake, it was 
possible to make measurements with air as the gas phase. The activity 
appeared to be perfectly stable when the powder was stored in vacuo at 
4°, 
Results 

Comparison of Growth Response to Glutamine and Glutamic Acid—As re- 

ported by others, almost no lag in the dose-response curve to glutamine 


was observed at 24 hours at either pH 6.0 or 7.0 (Fig. 1). With glutamic 
acid, a pronounced lag occurred at pH 6.0, and growth frequently failed 


- altogether at pH 7.0. Concentrations of glutamic acid up to 50 y per 


tube appeared particularly suitable for study of the influence of substances 
which might affect the response to glutamic acid. Although the medium 


,' used in the present experiments (10) has been modified to decrease the 


lag with glutamic acid (12), it was preferable to use the former medium 
because it allowed a sharper differentiation of the response to glutamine 
and glutamic acid. 

Special experiments, not given in detail, showed that the best response 
to glutamine was obtained with inocula grown for 10 to 21 hours. With 
such inocula, good standard curves for assay purposes were obtained in 
from 12 to 24 hours. In the experiments to be described, 18 hour inocula 
were used and all test cultures were incubated for 24 hours. 

Stimulation by Glutamine of Utilization of Glutamic Acid—The ability of 
small amounts of glutamine to stimulate the utilization of glutamic acid 
has been reported previously (1). However, since the glutamine solutions 
employed were sterilized by autoclaving, thus destroying an undetermined 
amount of glutamine, no quantitative relations could be deduced. In 


- Fig. 2 are shown a glutamine standard curve (B), and the growth curve 


obtained with 150 y of L-glutamic acid per tube in the presence of varying 


_ amounts of glutamine (Curve A). The extent of stimulation of the 
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utilization of glutamic acid (Curve C) was calculated by subtracting the 
sum of the growths found with 150 y of glutamic acid alone and that 
obtained with a given amount of glutamine alone from that found when 


Fic. 1. Growth responses to varying amounts of glutamine and L-glutamie acid 


at pH 6 and 7. 


OPTICAL DENSITY 


Fic. 2. Stimulation of utilization of t-glutamie acid by glutamine. A, constant 
amount of L-glutamic acid (150 7) and varying amounts of glutamine (0 to 50 7). 
B, constant amount of glutamine (15 y) and varying amounts of L-glutamie acid 


(0 to 50 y). 
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the given amount of glutamine and 150 y of glutamic acid were present 
together. Maximal stimulation was obtained with 20 y of glutamine. 

In another experiment (Fig. 2, B) a constant amount of glutamine (15 +) 
was added to varying amounts of L-glutamic acid. The extent of stimu- 
lation increased with increasing amounts of glutamic acid up to 50 7. Al- 
though no growth occurred in the tubes containing up to 30 y of glutamic 
acid alone, there was an increasing growth in this range when 15 of glu- 
tamine were present. The above data are compatible with the interpre- 
tation that for L-glutamic acid to be used by the bacteria part of it must 
first be converted to glutamine. The elimination of the lag in utilization 
of u-glutamic acid by glutamine suggests that the lag occurs because of 
a limited ability of the microorganism to form glutamine (13). It is doubt- 
ful that all of the glutamic acid must be converted to glutamine prior to 
use, since it was found that mixtures of glutamine and glutamic acid in 
which the amount of glutamine was 15 y per tube gave somewhat better 
growth than equivalent amounts of glutamine alone. The possibility is 
suggested that glutamine, once formed, can be used to form an intermediate 
(or intermediates) which contains other glutamic acid residues that can 
come directly from glutamic acid. Camien and Dunn have also postu- 
lated an intermediate in glutamic acid utilization (14). 

Prior to a further investigation of the effects of glutamine on utilization 
of glutamic acid, it was desirable to investigate any effects that glutamine 
might have on the formation of L-glutamic acid. The remainder of this 
communication deals with the influence of glutamine on the utilization of 
a-ketoglutarate and p-glutamic acid. 

Influence of Glutamine on Utilization of a-Ketoglutarate for Growth—Un- 
der the conditions of the present experiments it was found that a-ketoglu- 
tarate did not replace glutamine or glutamic acid for growth. Experiments 
were then performed which showed that small amounts of glutamine would 
allow growth in the presence of a-ketoglutarate. 1t-Glutamiec acid, L- 
isoglutamine, and the y-methylamide of t-glutamic acid were inactive un- 


_ der the same conditions. From Fig. 3 it is seen that no growth took place 


in the absence of added glutamine, even in the presence of 2.5 mg. of a- 
ketoglutarate per tube. Small amounts of glutamine caused a marked 
stimulation (Fig. 3, A), 30 y of glutamine producing a maximal effect. In 
the presence of 15 y of glutamine, increasing amounts of a-ketoglutarate 
produced increasing amounts of growth (Fig. 3, B). Glutamine must have 
at least a dual réle in the utilization of a-ketoglutarate, the first in the 
formation of glutamic acid and the second in the enhancement of the utili- 
zation of the latter, as shown in the previous section. It will be shown 
subsequently that, under at least one set of experimental conditions, glu- 
tamic acid can be formed from a-ketoglutarate in the presence of glutamine 
and excreted into the medium. 
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A consideration of the properties of a rat liver system which catalyzes 
the transamination between glutamine and a variety of a-keto acids has 
led to the conclusion that the reaction occurs without prior hydrolysis of 
the glutamine to glutamic acid and ammonia (9). The possibility was 
suggested that there might be an intermediate formation of a-ketoglu- 
taramic acid with a subsequent deamidation to yield a-ketoglutarate and 
ammonia. From the results shown in preceding sections, it is obvious 
that the quantities of glutamic acid which could be formed by a trans- 
amination reaction of a-ketoglutarate with glutamine, coupled with an 
isomolar destruction of the glutamine, could not give the growth shown 


A B 

25MG 
> (GLUTAMINE (A) 
0.15} 
O10} 
Sons 

ALONE 


20 30 40 50 15 2025 
VGLUTANINE PER TUBE MG PER TUBE 


Fig. 3. Stimulation of utilization of a-ketoglutaric acid by glutamine. A, con- 
stant amount of a-ketoglutaric acid (2.5 mg.) and varying amounts of glutamine 
(0 to 7). B, constant amount of glutamine (15 y) and varying amounts of a-keto- 
glutaric acid (0 to 2.5 mg.). 


in Fig. 3. However, if the a-ketoglutaramic acid formed were stable under 
the experimental conditions and could be reconverted to glutamine by 
transamination with other amino acids present in the medium, a large 


enough portion of the a-ketoglutarate could be converted to glutamic acid | 


to give such growth without exhausting the small supply of glutamine. 
Work is in progress to test this hypothesis. 

The influence of glutamine was tested on the ability of phenylpyruvic 
acid to support the growth of L. arabinosus when phenylalanine was 
omitted from the basal medium. Phenylpyruvic acid gave a good growth 
curve in 24 hours when 0.05 to 0.5 mg. was used per tube. The addition 
of 30 y of glutamine per tube did not increase the amount of growth. 
Phenylpyruvic acid was not able to support growth when the glutamic 
acid content of the basal medium was decreased from 300 to 150 7 per 
tube. The addition of 30 to 50 y of glutamine did not restore growth. 
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These results indicate that the formation of phenylalanine from phenyl- 
pyruvic acid is related to an interaction with glutamic acid, presumably 
transamination, rather than with glutamine as in the case of a-ketoglu- 
tarate. 

Influence of Glutamine on Utilization of v-Glutamic Acid for Growth— 
It has been reported that p-glutamic acid can be utilized for growth to a 
limited extent by L. arabinosus in the presence of t-glutamic acid, but not 
when present alone on a basal medium containing large concentrations of 


A B 
D-GLUTAMIC D-GUUTAMIC 
*GLUTAMINE A) GLUTAMINE (A) 


O. P 
4 
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Z0 
STIMULATION © o/ STIMUL ATION 
/ 
O°! 


OF-GLUTAMINE ALONE GLUTAMIC ALONE 


2) 40 50 & a 
Y GLUTAMINE PER 1 MG D-GUJTAMIC PER TUBE 
Fic. 4. Stimulation of utilization of p-glutamic acid by glutamine. A, constant 
amount of p-glutamic acid (2.5 mg.) and varying amounts of glutamine (0 to 50 +). 
B, constant amount of glutamine (15 7) and varying amounts of p-glutamic acid 
(0 to 2.5 mg.). 


_ L-aspartic acid (14). In view of the possibility that p-glutamic acid might 


be converted to a-ketoglutaric acid, and because of the marked effect of 
glutamine on the utilization of the keto acid, it was desirable to study the 
effect of glutamine on the utilization of p-glutamic acid under our test 
conditions. 

p-Glutamic acid in high concentrations supported a low level of growth 
in the absence of added glutamine (Fig. 4, A). However, small amounts 
of glutamine produced a marked increase in the ability of the cells to uti- 
lize p-glutamic acid, maximal stimulation not being attained even at the 
highest level of glutamine used (50 7). In another experiment (Fig. 4, B) 
there was an increasing stimulation in growth with increasing amounts of 
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p-glutamic acid up to 2.0 mg. per tube in the presence of a constant small 
amount of glutamine. 

Comparison of Growth with a-Ketoglutarate and p-Glutamic Acid in Pres. 
ence and Absence of Glutamine—Although growth was obtained with p- 
glutamic acid in amounts from 0.5 to 2.5 mg. per tube (Fig. 4, B), no 
growth was obtained in the presence of similar quantities of a-ketoglutaric 
acid (Fig. 3, B). The extent of stimulation by glutamine also was greater 
for p-glutamic acid. In order to compare the responses of L. arabinosus to 
a-ketoglutarate and p-glutamic acid more extensively, experiments simi- 
lar in all respects to those shown in Figs. 3 and 4 were performed in which 
the time courses of changes in turbidity were followed, readings being 
made at 2 hour intervals between 4 and 16 hours and at 20 and 24 hours. 
All of the experiments were performed simultaneously in order to minimize 
chance variations in response. Although no growth was observed for 16 
hours in any of the tubes containing p-glutamic acid alone, all of the tubes 
had growth at the 20 and 24 hour periods. When 15 y of glutamine were 
included in the medium, there was a remarkable stimulation of growth at 
each level of p-glutamic acid. The time lag in appearance of turbidity 
was also markedly decreased, cell multiplication having occurred in all 
tubes at the time of the first reading. In marked contrast, no growth 
whatsoever was observed with a-ketoglutaric acid at any of the time inter- 
vals when glutamine was not present. In each instance the stimulation 
produced by glutamine was much less than that found for comparable 
concentrations of p-glutamic acid. 

It was also of interest to compare p-glutamic acid and a-ketoglutaric 
acid under circumstances whereby a-ketoglutarate could be used for growth 
in the absence of added glutamine. This was achieved when,a heavy in- 
oculum was employed. In Fig. 5 are shown the results obtained with an 
inoculum approximately 250 times as heavy as that employed in the ex- 
periments described previously. Here again it is seen that the growth 
with a-ketoglutarate took place at a slower rate than with p-glutamic 
acid, both in the presence and the absence of glutamine, although the ex- 
tent of the final growth was approximately the same in all cases. 

Since p-glutamic acid must undoubtedly be largely converted to L-glu- 
tamic acid prior to utilization by the bacteria, all of the above results are 
consistent with the interpretation that the conversion of p-glutamic acid 


=- 


to t-glutamic acid by L. arabinosus does not proceed chiefly through | 
a-ketoglutaric acid. Two other possible mechanisms are suggested. The | 


p-glutamic acid may be converted to the corresponding a-hydroxy acid, 
and the hydroxy acid could be racemized to the L form, from which the 
naturally occurring glutamic acid might be formed. a-Hydroxy acid 
racemases have been found in bacteria (15) and in animal tissues (16). 


AT 

an 
Co 
co 
2.5 
col 
gl 
Was 

ho 
| of 
Int 
, wa 
gli 

| acl 
| ori 
glu 
At 

an 
| In 


P. AYENGAR, E. ROBERTS, AND G. B. RAMASARMA 789 


Another, more attractive possibility is that the p-amino acid might be 
racemized directly, with the a-amino group of glutamine participating in 
an enzymatically catalyzed Walden inversion. A bacterial racemase for 
alanine has recently been reported (17). 

Analyses for Glutamic Acid in Medium after Incubation under Different 
Conditions—It was of interest to determine whether any L-glutamic acid 
could be detected in the medium when L. arabinosus was incubated with 
2.5 mg. of a-ketoglutaric acid or p-glutamic acid per tube under different 
conditions. The bacterial glutamic acid decarboxylase preparation de- 
scribed in a previous section was employed for the determination of L- 
glutamic acid. Analyses were made on the tubes at 6, 15, 19, and 24 


GLUTAMINE 
Y GLUTAMINE 


OPTICAL DENSITY 
8 


2 


35 40 
TIME (HRS) 
Fic. 5. Influence of glutamine on the time course of growth in the presence of 
p-glutamic acid or a-ketoglutaric acid (2.56 mg. per tube) when a heavy inoculum 
was used. 


hours after inoculation in the experiments shown in Fig. 5. Suspension 
of the cells followed by immediate centrifugation resulted in the release 
into the medium of approximately 0.4 um of glutamic acid. This value 
was subtracted from the total obtained in each instance. 15 uM of L- 
glutamic acid were found in the 6 hour tube containing a-ketoglutaric 
acid and glutamine. Since only 17 um of a-ketoglutarate were present 
originally, this indicates that almost complete conversion of the a-keto- 
glutarate to L-glutamic acid had taken place at the beginning of growth. 
At the subsequent time intervals, no detectable amounts of L-glutamic 


acid were found in the medium. .-Glutamic acid was not detected at 6 


and 15 hours in the tubes containing a-ketoglutaric acid with no added 
glutamine, but at 19 and 24 hours, respectively, 2.1 and 1.5 um were found. 
In the case of tubes containing p-glutamic acid, t-glutamic acid (5.8 um) 
was present only in the 19 hour tube to which no glutamine had been 
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added. A further study is being made of the L-glutamic acid content of 
the medium and cells at closer time intervals in order to characterize the 
rates of formation of glutamic acid more closely. 

L-Glutamic acid was not found in the media at any time and growth did 
not occur when heavy inocula were incubated in media containing a-keto- 
glutarate or p-glutamic acid in the presence of glutamine and all other 
constituents of the basal medium with the exception of the amino acids. 


The results of the foregoing experiments show that glutamine partici- 
pates in the utilization for growth of p- and L-glutamic acids and a-keto- 
glutarate. The enhancement of the utilization of L-glutamic acid would 
seem to be most probably related to the participation of the y-amide 
group of glutamine in transamidation and transpeptidation reactions nec- 
essary for the incorporation of L-glutamic acid into bacterial proteins. 
The recent finding of specific glutamy] transferases (5, 7, 8) which labilize 
the y-amide group of glutamine for exchange reactions with ammonia or 
hydroxylamine is of particular interest in this connection. It has also 
been shown that cysteine-activated papain and beef spleen cathepsin sim- 
ilarly catalyze the replacement of the amide groups of acylamino acid 
amides (18). It is possible that such exchange reactions might be involved 
in transpeptidation reactions between glutathione and other amino acids 
(19). 

The experiments in the present study have dealt entirely with growth 
responses of L. arabinosus under a variety of conditions. <A detailed ex- 
amination is being undertaken of some of the enzymatic mechanisms in- 
volved in the glutamine effects described. 


SUMMARY 


1. Quantitative measurements were made of the extent of stimulation 
by glutamine of the utilization of t-glutamic acid by Lactobacillus ara- 
binosus. 

2. a-Ketoglutaric acid was not able to replace glutamic acid for growth 
under the conditions of the experiments. However, growth occurred with 
a-ketoglutarate when small amounts of glutamine were present. The re- 
sults suggested that the rdéle of glutamine is catalytic. 


3. Glutamine greatly enhanced the utilization of p-glutamic acid for | 
growth. A comparison of the responses to a-ketoglutaric acid and b- | 


glutamic acid under various conditions made it seem unlikely that the 
transformation of the p to the t form of glutamic acid involves the inter- 
mediate formation of a-ketoglutarate. 

4. Some of the implications of the above findings were discussed. 
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LOCALIZATION OF INITIAL BLOCK IN GLUCOSE 
METABOLISM IN DIABETIC LIVER SLICES* 


By 8S. 8. CHERNICK, I. L. CHAIKOFF, ann 8S. ABRAHAM 


(From the Division of Physiology of the University of California School of Medicine, 
Berkeley, California) 


(Received for publication, June 2, 1951) 


In an earlier communication, we showed how the use of C™-labeled 
hexoses enabled us to localize the enzyme systems responsible for defective 
utilization of glucose in the diabetic liver (1). Glucose and fructose, 
labeled with C™, were incubated with surviving liver slices prepared from 
normal and alloxan-diabetic rats. The rate of oxidation of the added 
glucose to CO, was considerably lower in the diabetic than in the normal 
liver. Both livers, however, oxidized added fructose to the same extent. 
Since the first common intermediate in the glycolysis of these two hexoses 
is very likely fructose-6-phosphate, we concluded that the initial block in 
glucose utilization in the diabetic liver lies in the conversion of glucose to 
fructose-6-phosphate, which involves the enzymes glucokinase and phos- 
phohexose isomerase. In the present investigation we sought to determine 
which of these two enzyme systems is responsible for defective glucose 
utilization in the diabetic liver. To do so we investigated some of the 
characteristics of fructose metabolism in normal and diabetic livers. 


EXPERIMENTAL 


Treatment of Animals—Rats of the Long-Evans strain were used. For 
3 or 4 days before they were sacrificed, all rats (normal as well as diabetic) 
were fed a low fat-high carbohydrate diet that contained 58 per cent glu- 
cose and 22 per cent casein. This diet is described elsewhere (1). Dia- 
betes was induced by a single intravenous injection of a 5 per cent solution 
of alloxan monohydrate (50 mg. per kilo of body weight). Subsequent 
treatment of the rats has already been described (2). Their diabetes was 
of long standing, 60 to 150 days, at the time they were sacrificed, and their 
fasting blood sugars, measured 1 to 2 weeks earlier, ranged from 210 to 
400 mg. per cent. On the day of the experiment, at which time they were 
not in the fasted state, their blood sugars ranged from 350 to 830 mg. per 
cent. 

Radioactive Hexoses—Radioactive glucose and fructose were prepared 
photosynthetically (3). A single preparation of each was used in all experi- 

* Aided by grants from the Corn Industries Research Foundation and Eli Lilly 
and Company. 
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ments. Both C"-hexoses were examined chromatographically; each 
yielded a single radioactive spot. 

Incubation Procedures—Rats were sacrificed by cervical fracture. Post- 
mortem examination confirmed that all rats were in the fed state. Liver 
slices were prepared free-hand. About 500 mg. were suspended in 5.0 ce. 
of a Ringer-bicarbonate buffer (4) to which had been added measured 
amounts of C-labeled fructose. The incubation flask was designed to 
permit the collection of CO, at the end of the experiment (5). The pro- 
cedures employed have been described in detail (2, 5). 

Analytical Procedures—At the end of the experiment, the CO, within 
the flask was absorbed and removed for determination of its C“ content 
(6). The fractionation procedure is shown in the accompanying diagram. 


Extracted tissue Filtrate 
ZnSO, + Ba(OH): 
Defatted residue Fatty acids Ppt. (2 to 4%) Fraction MAR 
(1-2%) (1%) (80%) 

Chromatographed 

| 
Glucose (50%) Fructose (30%) 


Fractionation Scheme—The distribution of the added fructose-C'* among various 
fractions separated by this procedure is given in parentheses. These values are 
typical of those found when 20 mg. of C**-fructose were incubated with 500 mg. of 
normal liver slices for 3 hours. 


The slices and medium were separated by filtration, the slices repeatedly 
washed with distilled water, and these washings added to the original 
filtrate. Aliquots of the combined medium and aqueous extracts of the 
slices were deproteinated with ZnSO, and Ba(OH), according to Somogyi 


(7). This procedure also removed phosphorylated intermediates (8). The 


deproteinated solution so obtained is referred to as Fraction MAR. Its 
. C™ content was determined by mounting aliquots on aluminum disks. 
Its fructose content was determined by Roe’s method (9), and the reducing 
value by that of Hassid (10). 
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Fructose Utilization in Normal and Diabetic Liver Slices 
re: Two types of experiment were carried out, a concentration study and a 
5 aoa time study. In the former, fructose utilization by normal and diabetic 
“™’ €¢.1 liver slices was compared at five different levels, from 100 to 800 mg. per 
— cent, with the same period of incubation in all cases, 3 hours. In the time 
to study, a single concentration of fructose was used, 400 mg. per cent or 20 
© Pro-} ing. per flask, but the periods of incubation varied from 15 minutes to 3 
| hours. 
within 
ontent I 
gram. Interconversion of Glucose-C'* and Fructose-C by Normal Liver Slices 
Each flask contained 5.0 cc. of the Ringer-bicarbonate buffer. Gas phase, 95 
per cent O; and 5 per cent CO;. The slices added to the flasks were prepared from 
the liver of a single normal rat. The results are typical of those obtained in several 
experiments. : 
ee a Found in Fraction MAR at end 
Time of 
Flask No. | incubation C™ substrate Fructose | Per cent | Reducing value 
Liver slices (Roe | of added | as glucose or 
Kind Amount | Value) C“ — |fructose or both 
1 0 500 None 0 0.0 3.0 
2 3 None Fructose 20 20.0 102 20.0 
3 3 525 None 0.0 0 14.1 
phed 4 3 500 Fructose | 20 6.2 | , 83 30.0 
5 3 505 Glucose 20 0.1 90 32.2 
(30%) * See the text for the preparation of Fraction MAR. 
rious —- Fructose utilization in each flask was followed in three ways: (1) by 
aye the decrease in Roe values of Fraction MAR (a Somogyi filtrate of the 
combined medium and aqueous extract of the slices); (2) by the decrease 
in C* content in Fractions MAR; and (3) by the change in the amounts 
edly of reducing substrates in this same fraction. The recoveries of fatty acid- 
ginal C and CO, were also measured. 
the Table I shows that theslices contributed no free fructose to Fraction MAR 
ogyi at the beginning or at the end of the experiment, even when the slices were 
The incubated in the presence of 400 mg. per cent glucose.’ For this reason 
Its | the C' content of each fraction was converted to mg. of the labeled fruc- 
isks. ' The same conclusion can be drawn from the chromatographic analysis of Frac- 
cing | tion MAR shown in Table II. Liver apparently contains no fructose-6-phosphatase 


(11, 12). 


796 BLOCK IN GLUCOSE METABOLISM 


tose that was added to the medium at the start of the experiment. The 
results of the concentration study are shown in Figs. 1 and 2, those of the 
time study in Figs. 3 and 4. 

Fructose Utilization As Judged by Decrease in Roe Value—The concen- 
tration and time studies (Figs. 1 and 3) make it clear that normal and 
diabetic liver slices utilize fructose to about the same extent. Thus, when 
20 mg. of fructose (400 mg. per cent) were added to the incubation flask, 


= 8 | NORMAL LIVERS 
35+ O NORMAL < @ DIABETIC LIVERS 
@ DIABETIC zr 
z 30 + 
- 25+ w 
a i=) 

GLUCOSE ” 2+ 
20} 
iS + z 
41 FATTY ACIDS 
10 + oO ro) 
FRUCTOSE | ~*~ 

ae + — 0 5 10 15 20 25 30 35 40 
0 5 10 15 20 25 30 35 40 FRUCTOSE ADDED TO MEDIUM 
MG. FRUCTOSE ADDED TO BATH (MG. PER FLASK) 
1 Fig. 2 


Fig. 1. Fructose utilization by normal and diabetic liver slices; concentration 
study. 500 mg. of liver slices were incubated in 5.0 cc. of a Ringer-bicarbonate 
buffer to which was added C"*-fructose. Gas phase, 95 per cent O2 and 5 per cent 
CO:,. Period of incubation, 3 hours at 37.5°. Each point is the average of three 
to five closely agreeing values. The broken line represents the conversion of added 
fructose to glucose in the system. For explanation see the text. 

Fic. 2. Conversion of C"*-fructose to CO; and fatty acids by surviving liver 
slices; concentration curves. For experimental details, see the legend to Fig. | 
and the text. 


both types of livers utilized about 15 mg. (about 75 per cent of that added) 
in 3 hours. About the same proportion of the added fructose was utilized 
at all concentrations tested. 

Total Reducing Substances—The reducing values of Fractions MAR were 
generally higher at the erfd of the experiments than at the beginning. A 
typical example is shown in Table [. This was to be expected because 
of the contribution of glucose to the system by breakdown of glycogen and 
by gluconeogenesis. Thus reducing values per se do not provide a reliable 
measure of the amount of hexose utilized. 

Utilization Based on C“ Distribution—The C" recovered in three separate 
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fractions was measured, COs», fatty acids, and Fraction MAR. The CO, 
and fatty acid-C™ values were related to the mg. of the original labeled 
fructose, and the results are recorded in Figs. 2 and 4. The sum of the 
fatty acids and CO, values accounts for not more than 10 to 20 per cent 
of the initially added fructose. It is evident that at all concentrations 
tested, as well as at all time intervals studied, there is no significant dif- 


© 
O NORMAL 
@ DIABETIC B O NORMAL LIVERS 0 
2 204 ow 2+ @ DIABETIC LIVERS @ 
w 
+. 
15 - 2 > 
x 1.5- 
10+ z 14 
> 
eco 
© 
5 j J O54 FATTY ACIDS 
/ se 
Ss FRUCTOSE =r 
0 30 60 120 180 © 30 60 90 120 150 180 
TIME IN MINUTES TIME IN MINUTES 
Fig. 3 Fia. 4 


Fic. 3. Fructose utilization by normal and diabetic liver slices; time study. 
500 mg. of liver slices were incubated at 37.5° in 5.0 ce. of a Ringer-bicarbonate buffer 
to which were added 20 mg. of labeled fructose (400 mg. per cent). Gas phase, 95 
per cent Oz and 5 per cent CO. Each point is the average of two to four separately 
determined, closely agreeing values. The broken line represents the conversion 
of added fructose to glucose in the system. For explanation, see the text. 

Fig. 4. Conversion of C™-fructose to CO. and fatty acids; time study. 
experimental details, see the legend to Fig. 3 and the text. 


For 


ference in the capacity of normal and diabetic rat livers to oxidize fructose 
to COz. Both concentration and time studies show, however, impaired 
fatty acid synthesis from fructose in the diabetic liver. These findings 
on CO, formation and fatty acid synthesis thus extend and confirm earlier 
findings (1, 13). 

It is clear, from Figs. 1 and 3, that fructose present in Fraction MAR 
will account for, at most, 40 per cent of the original C“, but the total C™ 
still present in Fraction MAR amounted to 80 per cent.2 Since the pro- 
cedure for deproteination also removed phosphorylated hexoses (8), it is 


? For a typical distribution of the C™ among the various fractions, see the diagram. 
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apparent that the unaccounted for C'* was not present as a phosphorylated 
hexose. Further evidence as to the nature of the unidentified C™ wag 
provided by a study of the reducing and Roe values of Fraction MAR. 
Examination of Table I shows that the reducing substances present at the 
end of the experiment cannot be accounted for by fructose not utilized and 
glucose contributed by the slice. For example, a total of 30 mg. of re. 
ducing substances was found in Flask 4, of which about 6 mg. were ac. 
counted for as fructose. As judged by the control (Flask 3), the slice 
could have contributed only about 14 mg. The presence of about 10 mg. 
of a reducing substance which was not fructose suggested that the unidenti- 
fied C'-containing compound in Fraction MAR was glucose. The con- 
version of fructose to glucose in liver is, of course, well known (11, 14-16). 
Experiments bearing on this point are described in the next section. 


Comparison of Conversion of Fructose to Glucose by Normal and Diabetic 
Livers As Shown by Chromatographic Analysis of Fraction MAR 


In order to identify the C™ in Fraction MAR, the experiments shown in 
Table II were carried out. Aliquots of Fraction MAR were analyzed for 
their glucose-C" and fructose-C" contents by the method of descending 
filter paper partition chromatography described below. 

The aliquots were concentrated to one-tenth of their original volume. 
10 of the concentrates were carefully spotted on Whatman No. 1 filter 
paper (22.5 X 18 inches). The chromatograms were developed in the 
first dimension with phenol-saturated water for 18 hours and then dried 
at room temperature for 24 hours. The chromatograms were then de- 
veloped for 18 hours in the second dimension with a butanol-ethanol-water 
mixture (52.5, 32, and 15.5 parts by volume, respectively). The papers 
were again dried and placed upon Eastman No-Screen x-ray film. They 
were exposed in this manner for 7 days, at the end of which the films were 
developed. 

Radioautographs, after 1 week of exposure, revealed just two spots con- 
taining C". The locations of these two spots were similar to those taken 
by C"*-glucose and C-fructose. When a similarly prepared chromatogram 
was sprayed with a solution of m-phenylenediamine and oxalic acid,’ only 
two colored spots appeared, and the positions of these were identical with 
the two radioactive areas. Since only C-fructose was added to the me- 
dium, and, moreover, since the slice contributed glucose to the system, 
the finding of two spots by radioautogram and by color technique indicates 
that these two spots represent glucose and fructose. 


* The solution used for color development contained 2 per cent oxalic acid, 2H,0, 
and 0.2 per cent m-phenylenediamine in 95 per cent ethanol. The color developed 
upon heating to 100-110° for 15 minutes. 
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rylated The radioactive areas of the chromatograms were cut out and the labeled 
M4 Was hexoses were eluted with H,O. The C™ contents of the eluates were de- 
MAR termined by mounting aliquots directly on aluminum plates. 

at the The Roe and reducing values of the concentrated Fraction MAR solu- 
od end tions referred to above were determined. Fresh akquots were used for 
of re. Taste II 
Pre ac- Chromatographic Analysis of Fraction MAR 
e slice Each incubation flask contained about 500 mg. of liver slices in 5.0 cc. of Ringer- 
10 mg. bicarbonate buffer. Gas phase, 95 per cent O, and 5 per cent CO;. Incubated at 
identi. | .5° for 3 hours. Fraction MAR is the deproteinated medium plus aqueous wash- 
ings of the slices. 
€ Con- 
4-16). 
| Per (tion MAR*| Fructose Glucose | Total 
nabetic Rat | cent of 
Condition added Per cent 
AR Ne. | Specie | | | | | | 
wn in Amount) “ot. | speciic| | specific 
me. mg. | mg. | 
lume.} 1 | Normal | 38.4 | 21.5 X 10) 88 13.9 25) 38 1.0 | 51 | 0.79 100 
filter 2 - 38.4 | 21.5 X 103 89 12.3 25 32 | 1.0 53 0.79 | 95 
| 3 | Diabetic | 38.4 | 21.5 X 10% 93 13.3 36 | 1.0 : 
nthe} 4 « 38.4/ 21.5 x 10 90 [12.7/27| 34 [1.0 | 53 [0.74 97 
dried} 5 « 19.6 | 29.5 X 10 84 | 5.2 19| 25 |0.95| 47 | 0.48 86 
n de- 6 19.6 | 29.5 X 10% 90 18, 33 | 1.0 54 | 0.58 | 96 
water Cu | 
a pers added to medium | | | 
Thy} « 19.1 | 10.3 10° 91 0 010 0.62, 98 
| Were | 
* For explanation, see the text. 
; con- t Obtained by the difference between the value for total reducing substances 
and that for fructose. 
t The ratio of the specific activity of the eluted hexose to that of the hexose 
wi added to the medium. 
al this purpose. For the values so obtained and from the C™ contents of 
» me. | the chromatogram eluates, the specific activities of the eluted glucose and 
stem, fructose were calculated. The results are shown in Table II. The ex- 
cates | tent to which the C™ in these two hexoses accounts for the C™ in Fraction 
MAR is shown in the last column of Table II. The results indicate that 
glucose-C™ plus fructose-C™ accounts for practically all of the activity in 
2H:0, | this fraction. 
loped | In 3 hours, about 50 per cent of the initially added fructose was con- 
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verted to glucose, and this was the case for both normal and diabetic 
livers. The specific activity of the eluted fructose was about the same 
as that of the fructose added to the medium;‘ this indicates that the 
residual fructose had not entered any metabolic path. The specific ac- 
tivity of the elyted glucose, however, was considerably lower than that 
of the added fructose. This can be accounted for by dilution through 
glycogenolysis and gluconeogenesis. 

Since practically all of the C™ activity in Fraction MAR can be ac- 
counted for by fructose-C™ plus glucose-C", the glucose formed from the 
fructose in each experiment can be obtained from Figs. 1 and 3 by the 


TaBLe III 
Comparison between Calculated and Observed Values for the Conversion of Fructose 
to Glucose 
of 
Rat No. Condition a 
Calculated* Observedt 
(see diagram) (see Table II) 
mg. 
1 Normal 38.4 20.1 19.4 
2 7 38.4 21.6 20.3 
4 Diabetic 38.4 | 21.9 20.4 
5 : | 19.6 | 10.3 9.2 
6 “d | 19.6 | 11.2 10.6 


° ‘(Fraction MAR cu as mg. of original fructose) — (mg. of fructose present at 
end of run) = mg. of added fructose converted to glucose. 

t (Fraction of added C" present in glucose spot) X (mg. of added fructose) = 
mg. of added fructose converted to glucose. 


difference between the total C™ represented as mg. of the added fructose 
and mg. of fructose measured at the end of the experiment. 

The values so computed have been plotted in Figs. 1 and 3. The agree- 
ment between these computed values for glucose and the glucose actually 
found by chromatography (Table IT) is shown in Table III. The agree- 
ment was fairly good. 

In some cases, C™-glucose was incubated with liver slices a Fraction 
MAR was chromatographed. The results, recorded in Table II, confirm 
the failure of glucose to be converted to free fructose by diabetic liver 
slices. Only one spot was found to contain C™ and this contained 98 
per cent of the C™ present in Fraction MAR. The specific activity of 
the eluted glucose was about 0.6 that of the added glucose. This again 


* This is in keeping with the results shown in Table I. No free fructose was 
found in the liver slice, either at the beginning or at the end of the experiment. 
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indicates the extent to which the slice contributes glucose to Fraction 
MAR. 


DISCUSSION 


The finding that the oxidation of fructose to CO, did not differ sig- 
nificantly in normal and diabetic liver slices when the concentration of 
the added C"-fructose was 800 mg. per cent, as well as when it was 100 
mg. per cent, reaffirms our earlier conclusion that, even though the dia- 
betic liver does not utilize added glucose at normal rates, its capacity to 
oxidize fructose to CO, remains essentially normal (1). It was this dif- 
ference in the utilization of the two hexoses that led us to infer that the 
interference in glucose utilization in the diabetic livers resides at either 
the glucokinase or isomerase level. 

In an attempt to localize further the diabetic lesion, we studied the for- 
mation of glucose from fructose, a reaction involving, according to current 
concepts, four enzyme systems: fructokinase, which phosphorylates fruc- 
tose to form fructose-1-phosphate (17, 18); a mutase system which converts 
fructose-1-phosphate to hexose-6-phosphate (18); isomerase, which cata- 
lyzes the reaction glucose-6-phosphate =— fructose-6-phosphate; and glu- 
cose-6-phosphatase, which hydrolyzes glucose-6-phosphate to glucose and 
inorganic phosphate. The results obtained here indicate that the over-all 
reaction involving these enzyme systems proceeds to the same extent in 
normal and diabetic livers. This evidence favors the hypothesis that glu- 
cose utilization in the diabetic liver is initially interfered with at the 
hexokinase level. 


SUMMARY 


1. Experiments that localize the site of the initial block in glucose utili- 
zation of the liver of the diabetic rat are described. Liver slices were 
prepared from normal and alloxan-diabetic rats and incubated with C™- 
fructose. 

2. Both livers utilized fructose at the same rate, as judged by loss of 
fructose from the medium and by its oxidation to CO,. This was true 
for all concentrations of fructose tested, from 100 to 800 mg. per cent, and 
at all intervals, from 15 minutes to 3 hours. 

3. The conversion of fructose to glucose was studied and found to be 
similar in normal and diabetic liver slices. 

4. The similarity in the oxidation of fructose to CO, by normal and 
diabetic livers fixes the initial lesion in glucose utilization before fructose- 
6-phosphate. The similarity in the capacities of the normal and diabetic 
livers to convert fructose to glucose speaks for intactness of the phos- 
phohexose isomerase and glucose-6-phosphatase systems in the diabetic 
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liver. These findings favor the view that glucose utilization in the diabetic 


liver is impaired at the hexokinase level. 
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LEVELS OF ACIDS OF THE CITRIC ACID CYCLE IN 
TISSUES OF NORMAL AND DIABETIC RATS* 


By CHARLES E. FROHMAN,t JAMES M. ORTEN, 
anD ARTHUR H. SMITH 


(From the Department of Physiological Chemistry, Wayne University 
College of Medicine, Detroit, Michigan) 


(Received for publication, August 6, 1951) 


The recent development of a chromatographic procedure for the simul- 
taneous determination of the acids of the citric acid cycle in animal tissues 
(1) makes possible investigations of the levels of these key intermediates 
in various metabolic situations. One condition in which the metabolic 
pattern is allegedly changed is alloxan diabetes. The chromatographic 
procedure lends itself well to such a study, since there is evidence that 
the levels of the acids of the citric acid cycle may be altered in this con- 
dition. For example, recent work has indicated that the aerobic phase 
of carbohydrate metabolism, presumably involving the citric acid cycle, 
may be impajred in alloxan diabetes. Experiments with glucose labeled 
with C™ have demonstrated that the synthesis of fat from glucose is ob- 
structed in the diabetic animal (2). This could not be due exclusively 
to a metabolic block in the anaerobic metabolism of glucose, since it was 
found that the formation of fat from labeled pyruvate was also decreased 
in diabetes (3). Although Chernick and Chaikoff (4) found that the 
amount of carbon dioxide produced by diabetic tissue is only slightly less 
than that produced by normal tissue, still the amount produced from 
glucose by diabetic tissue was found to be lower (5). 

If a metabolic block exists in aerobic carbohydrate metabolism in al- 
loxan diabetes, then the concentrations of the acids of the citric acid cycle 
should be lower in the diabetic animal than in the normal animal. The 
purpose of this study was to determine the levels of these acids in cer- 
tain tissues of both normal and diabetic rats. 


EXPERIMENTAL 


Male albino rats of the Sprague-Dawley strain, weighing from 200 to 
300 gm., were used throughout the investigation. All animals were fed 


* Aided by a grant from the Council on Pharmacy and Chemistry, American 


| Medical Association. The data in this paper have been taken from the dissertation 


submitted by Charles E. Frohman for the degree of Doctor of Philosophy, Wayne 
University, 1951. A preliminary report was presented before the meeting of the 
American Society of Biological Chemists at Cleveland, May, 1951. 

t Present address, Kresge Eye Institute, Detroit 26, Michigan. 
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a diet consisting of 20 per cent casein, 30 per cent sucrose, 41 per cent glu- 
cose, 4 per cent cottonseed oil, 4 per cent salt mixture, and an adequate 
vitamin mixture. The acids were determined by the method described 
in a previous communication (1) in brain, kidney, liver, muscle, and blood. 
Normal animals were fasted 24 hours before sacrifice and the tissues were 
collected as described earlier (1). Four separate determinations, each in 
duplicate, were used to estimate the concentrations of the acids in this 
group of animals. Another group of rats was made diabetic by a single 
injection of alloxan in which 1 ml. of 1.75 per cent aqueous solution of 
alloxan was given for every 100 gm. of body weight. The rats were then 
maintained for 2 weeks, during which time 50 per cent of them died. Of 


Taste [ 
Average Concentrations of Organic Acids in Tissues of Normal and Diabetic Rats 
The values are expressed in mg. per 100 gm. of dry tissue. 


Liver Kidney 
Acid 
| Normal Nermal | Dichetic | of 
| diabetic | in diabetic 
| 56 | 17 | 35.6 | 9.1 | 2% 
a-Ketoglutaric | 2.9 | 12.1 | 3.7 | 
Oxalacetic 3.0 | 22 73 38 | 1.7 | 4 
Succinic . 7.1 a4 8.5 14 4 
Pyruvic.. 11.4 | 2.3 26 124 10.5 | 85 
5.9 | 1.8 33 66 | 3.3 | 41 
cis-Aconitic.......... 0.4 | O4 05 05 | 
Isocit ric 18 O04 | 3.5 0.5 
Citric 89 | 22 2% | 121 | 32 | 2.4 


the surviving animals, only those showing blood sugar values greater than 
250 mg. per cent were used. Two samples of pooled tissues from fourteen 
to fifteen rats were used for the determinations and three analyses were 
madé on each sample. 

Table I compares the levels of the acids in the normal rat with those 
of the diabetic animal. In view of the fact that the levels of the acids 
in muscle and blood were too low, even in the normal animals, to warrant 
a quantitative comparison, these are omitted from Table I. The earlier 
publication (1) has already commented on the significance of the values 
found in brain, complicated by unavoidable traumatic changes, so that 
these are also omitted. Therefore, only the concentrations of the acids 
in normal and diabetic liver and kidney are included in Table I. In order 
that any difference in the degree of hydration of the tissues would not 
enter into the comparison, the concentrations of the acids are given in mg. 
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per 100 gm. of dry tissue. It can be seen from Table I that the concentra- 
tions of all of the acids of the tricarboxylic acid cycle are lowered in the 
diabetic animal. However, the levels of lactic and pyruvic acids are es- 
sentially the same as those found in the normal. Similar results were ob- 
served in brain, muscle, and blood, although the data are not presented 
for reasons mentioned. 

The foregoing results could be due either to the effect of alloxan on the 
8 cells of the pancreas or to its effect on some enzyme system involved in 
the citric acid cycle. If the former were true, the effect should be reversed 
by the administration of insulin. To test this possibility, alloxan-diabetic 
rats having blood sugar levels greater than 250 mg. per cent were main- 
tained on 10 units of zinc protamine insulin per day for 3 days. At the 


TaBLe II 
Average Concentrations of Organic Acids in Tissues of Diabetic Rats Treated with 
Insulin 
The values are expressed in mg. per 100 gm. of dry tissue. 

Acid | Liver Kidney 
a-Ketoglutaric.... 10.9 11.8 
Oxalacetic......... 2.8 2.6 
Succinic........... 6.3 7.1 
| 50.8 55.6 


time of sacrifice, the blood sugar levels of these animals were found to be 
essentially normal. The levels of the acids of the cycle were determined 
as before on two samples of pooled tissues from fourteen and sixteen rats, 
respectively, three determinations being made on each sample. The 
amounts of the acids in the livers and kidneys of this group of animals are 
shown in Table II. 

The values show that the concentrations of the acids in the tissues of 
the insulin-treated diabetic rats approach those found in the normal ani- 
mal. This indicates that the depression of the amounts of the acids found 
in the tissues of the diabetic rats was due to a lack of insulin rather than 
to a direct inactivation of some enzyme system by alloxan. 


DISCUSSION 


The animals used in the present investigation were purposely fed a diet 
very low in fat. Chernick et al. (2), as was stated earlier, had found that 


glu- 

uate 
ribed 
lood, 

were 
in 

this 
ingle 
m of 
then 

Of 

Rats 
entage 

4 
han | 
een 
ere | 
| 
“ids 
ant 
lier 
ues | 
hat 
‘ids 
der 
not 


806 CITRIC ACID CYCLE IN DIABETIC TISSUE 


the amount of carbon dioxide produced by diabetic tissue was almost 
equal to that produced by normal tissue. This could arise from an in- 
creased breakdown of fat by way of the citric acid cycle. If an equivalent 
amount of fat were to take the place of carbohydrate in the citric acid 
cycle, the levels of the acids in the tissues would presumably not change. 
For this reason, the level of fat in the diet of the animals used in this study 
was kept so low that fat could not readily replace carbohydrate as a source 
of energy. At the time of sacrifice the depot fat was practically exhausted 
in the diabetic animals. 

The results show that, while the concentrations of the acids of the cycle 
are much lower in diabetic tissues, the levels of pyruvic and lactic acids 
are normal. This suggests that a metabolic block may exist between py- 
ruvic acid and the tricarboxylic acid cycle; if this were an inhibition of the 
formation of the alleged 2-carbon fragment, the impaired ability of dia- 
betic tissue to synthesize fat from carbohydrate as well as to oxidize glu- 
cose could be logically explained. Indeed, the impairment in the synthesis 
of glycogen could also be indirectly attributed to this block, since the 
energy required for its synthesis would undoubtedly be available in re- 
duced amounts. 

The foregoing alleged metabolic impairment could be due to a lack of 
some component of an enzyme system. The system concerned in the 
conversion of pyruvate to the 2-carbon fragment apparently consists of 
thiamine pyrophosphate, magnesium, diphosphopyridine nucleotide, and 
an apoenzyme. It has been shown that in the diabetic animal high energy 
phosphate will accelerate the synthesis of fat from glucose (6). Since 
high energy phosphate is necessary for the phosphorylation of thiamine, 
this may be the point of metabolic interference in alloxan diabetes and, 
in turn, of the intervention of insulin. This possibility merits further 
investigation. 

SUMMARY 


The levels of fumaric, a-ketoglutaric, oxalacetic, succinic, lactic, py- 
ruvic, malic, cis-aconitic, isocitric, and citric acids were determined in the 
tissues of normal rats, alloxan-diabetic rats, and alloxan-diabetic rats which 
had been treated with insulin. 

The concentrations of the acids of the tricarboxylic acid cycle were dis- 
tinctly lower in the tissues of diabetic rats than in those of normal ani- 
mals. However, the levels of lactic and pyruvic acids were the same in 
diabetic and normal rats. Administration of insulin to diabetic animals 
causes the levels of the acids to return toward normal. 

It is suggested that, in the alloxan-diabetic rat, a block exists between 
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pyruvic acid and the citric acid cycle and, in turn, that this is an important 
point of action of insulin. 
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NEW SYNTHETIC SUBSTRATES FOR PEPSIN 


By LILLIAN E. BAKER 


(From the Laboratories of The Rockefeller Institute for Medical Research, New York, 
New York) 


(Received for publication, July 17, 1951) 


All synthetic substrates for pepsin described heretofore (1-3) have been 
found to be hydrolyzed maximally near pH 4 at a relatively slow rate. 
It is now possible to describe synthetic substrates hydrolyzed much more 
rapidly by pepsin, with a pH optimum at 1.8 to 2.0, the same pH found 
to be optimal for proteins. 

The previously described synthetic substrates were N-substituted pep- 
tides and some simple peptides in which a tyrosine or phenylalanine residue 
was linked to certain other amino acids such as glutamic acid (1), glycine 
(1), cysteine or cystine (2), or methionine (3). The uniform presence in 
these substrates of either a tyrosine or phenylalanine residue suggested 
the possibility of testing a peptide in which these two amino acids were 
linked to each other. Accordingly, acetyl-L-phenylalanyl-L-tyrosine and 
its iodinated derivative, acetyl-L-phenylalanyl-L-diiodotyrosine, were syn- 
thesized and exposed to the action of crystalline pepsin.! Low concen- 
trations of substrate and enzyme were used in these experiments, since 
these substrates had very low solubility at pH 2, and the concentration 
of enzyme had to be adjusted to the concentration of substrate and its 
rate of hydrolysis. Thus, 0.003 and 0.0005 mm of substrate per ce. were 
used respectively with 0.06 and 0.012 mg. of Pepsin N (concentrations 
much lower than Fruton and Bergmann (1) had used in their experiments, 
0.05 mM substrate, and 1.4 to 2.4 mg. of Pepsin N). As may be seen from 
Fig. 1, both substrates were hydrolyzed, and both had a pH optimum 
at 1.8 to 2. At pH 2, hydrolysis was very rapid, the tyrosine peptide 
being 50 per cent hydrolyzed in 1 hour and the diiodotyrosine peptide 95 
per cent in 15 minutes. The diiodotyrosine peptide was hydrolyzed much 
more rapidly at all pH values than was the tyrosine peptide. This would 
not have been expected from the observations of Fruton and Bergmann 
(1), who found carbobenzoxy-L-glutamyl-L-tyrosine to be hydrolyzed but 
the corresponding diiodotyrosine compound to be resistant to pepsin. 
Tyrosine and diiodotyrosine were isolated from the respective hydroly- 
sates and identified by elementary analysis (cf. “Experimental’’). 

To ascertain whether this rapid hydrolysis with an optimum rate at pH 
2 occurs generally with dipeptides in which two aromatic amino acids are 


' Prepared from Cudahy pepsin according to Philpot (4). 
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linked to each other, a number of other N-substituted peptides of this 
nature were tested with pepsin. As shown in Table J, all were hydrolyzed 
quite rapidly, the rate being faster at pH 2 than at pH 3 or 4. In terms 
of side chain specificity it seems, therefore, that pepsin hydrolyzes opti- 
mally at pH 2 the bond linking two amino acids which carry the benzyl, 
hydroxybenzyl, or diiodohydroxybenzyl group’ as the side chain. 

In order to test the stereospecificity of this reaction, several peptides in 
which an L-tyrosine or t-phenylalanine residue was replaced by the cor- 
responding p enantiomorph were submitted to the action of pepsin. In 
no case was any hydrolysis observed (Table I). Hydrolysis was also 


10 15 20 25 3.0 3.5 40 
pH 
Fic. 1. Hydrolysis of and acetyl--phen- 
ylalanyl-L-tyrosine by pepsin at varying pH values. Curve a, acetyl-.-phenyl- 
alany!-i-diiodotyrosine, 0.0005 mm per cc.; pepsin, 0.012 mg. of N per cc.; time of 
hydrolysis, 15 minutes. Curve b, acetyl-t-phenylalanyl-L-tyrosine, 0.003 mm _ per 
cc.; pepsin, 0.06 mg. of N per cc.; time of hydrolysis, 60 minutes. 


completely inhibited when the phenolic group in N-carbobenzoxy-.-tyro- 
syl-L-phenylalanine was acetylated. Two dehydropeptides, formed as in- 
termediates in the synthesis of some of the peptides described above, were 
also found to resist hydrolysis by pepsin (Table I). Finally, in order to 
investigate the susceptibility of a substance in which the function of the 
carboxyl group is suppressed, carbobenzoxy-L-phenylalanyl-L-phenylalanine 
amide was incubated with pepsin. Because of the insolubility of this com- 
pound, a special effort was made (cf. “Experimental’’) to expose as great 
a portion of it as possible to the action of pepsin, and the incubation was 
prolonged for 6 days. No hydrolysis was perceptible. Nevertheless, con- 
clusive proof for the necessity of a carboxyl group in this class of sub- 

*? Not all the possible diiodotyrosine peptides of this nature have been tested. 


It seems possible that steric hindrance could interfere in the case of the diiodoty- 
rosyldiiodotyrosine bond. 
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strate must await the availability of a more soluble substrate in which 
the carboxyl group is blocked. 

Solubility tests made on the preparation of pepsin crystallized according 
to Philpot (4) showed it to contain more than one protein. Therefore 
Pepsin A of Herriott, Desreux, and Northrop (5), which has been shown 
to be homogeneous by phase rule solubility criteria, was prepared.’ This 


TaBLeE I 
Action of Pepsin* on Various Synthetic Substratest 
Per cent a 
strate Pepsin | hydrolysis at 
tration 
_ tration pH 2.0 pH 3.0 | pH 4.0 
| 
me 
| 0.001 | 0.12; 4 34 23 7 
Acetyl-L-phenylalanyl-u-phenylalanine§.. 0. 0.05 | 3. 68 | 42 | 19 
| 
0.10} 29 | 22 / ll 
N-Acetyl-p-tyrosyl-L-tyrosine............ ' 0.004 | 0.12 | 48 0 0 
Acetyl-p-phenylalanyl-L-tyrosine......... 0.004 | 0.12 | 48 0 0 
Acetyl-p-phenylalanyl-i-diiodotyrosine... 0.0005; 0.12 | 48 0 0 
N-Acetyldehydrotyrosyl-L-tyrosine....... 0.004 | 0.12 | 24 0 0 
Acetyldehydrophenylalanyl-t-tyrosine... 0.004 | 0.12 | 24 0 0 
N-Carbobenzoxy-O-acetyl-L-tyrosyl-L- 
phenylalanine......................... 0.002 | 0.12 | 24 0 0 
0.002 | 0.1 (144 0 
Carbobenzoxy-L-glutamyl-L-tyrosine. .... 0.002 | 0.06 | 72 16 12 3 


* All experiments were conducted at 36.7° with a twice recrystallized sample of 
pepsin prepared from Cudahy pepsin according to Philpot (4). 

Data for and 
dotyrosine are given in Fig. 1. 

t Fruton and Bergmann (1) reported carbobenzoxy-.-tyrosyl-L-tyrosine to be 8 
per cent hydrolyzed in 24 hours at pH 4. No experiment at pH 2 was reported. 

§ Calculated from a put mixture on the assumption that equal quantities of the 
isomers were present. 


Pepsin A hydrolyzed N-acetyl-L-tyrosyl-L-tyrosine, N-acetyl-L-phenylala- 
nyl-L-tyrosine, and even more 
rapidly than did the pepsin crystallized from Cudahy pepsin according to 
Philpot! (Table II). 

Two questions are suggested by the fact that the conditions of hydrolysis 
used here differ from those used in the investigation of other synthetic 
substrates for pepsin: Is the greater speed of hydrolysis, observed here, 


*The kindness of Dr. R. M. Herriott in supplying another sample of Pepsin A 
for comparison is gratefully acknowledged. - 
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due to the lower concentrations of substrate and enzyme that were used 
rather than to the different structure of the substrates? And could differ- 
ent conditions of hydrolysis account for the different pH optima that have 
been observed? To answer the first question, acetyl-L-phenylalanyl-t- 
tyrosine and carbobenzoxy-L-glutamyl-L-tyrosine (one of the most easily 
hydrolyzed of the previously known substrates) were hydrolyzed simul- 
taneously under identical conditions (0.003 mm of substrate and 0.06 mg. 
of Pepsin N per ce. at pH 2). At the end of 1 hour the acetyl-L-phenyl- 
alanyl-L-tyrosine was 55 per cent hydrolyzed, but no trace of hydrolysis 
of the carbobenzoxy-L-glutamyl-L-tyrosine was detected. The incubation 
of the carbobenzoxy-L-glutamyl-L-tyrosine was continued for 48 hours, at 
which time it was found to be only 7 per cent hydrolyzed. It is evident, 
therefore, that the new synthetic substrates for pepsin are far more sus- 
ceptible to the action of pepsin than are those previously described, the 


TaBLeE II 
Action of Pepsin A on Various Synthetic Substrates 
| Substrate | Pepsin | Per cent 
Substrate  concen- concen- Time | hydrolysis 
tration tration | pH 2.0 
mM perce, per min, 
.... 0.0005 | 15 | 100 


latter being hydrolyzed very slowly indeed under the conditions of hy- 
drolysis that were used here. Variations in the speed of hydrolysis of the 
new synthetic substrates do occur, of course, with variation in the enzyme 
and substrate concentrations. Kinetic studies showing the extent of this 
variation and the factors controlling it are currently near completion. 
The results will be reported in another communication. It may be said, 
however, that the variation which has been observed is not great enough 
to account for the differences in speed of hydrolysis of the new and of the 
previously known substrates. 

Studies to ascertain whether differences in pH optimum may occur un- 
der differing conditions of hydrolysis are also currently being made. A 
dependence of pH optimum on the concentrations of enzyme and sub- 
strate has been observed. For instance, when carbobenzoxy-t-glutamyl- 
L-tyrosine was hydrolyzed at a concentration of 0.002 mM per cc. by pep- 
sin at a concentration of 0.06 mg. of N per cc., at pH 2, 3, and 4, the greatest 
degree of hydrolysis was found to be at pH 2, the least at 4 (Table 1), in- 
stead of the greatest at 4 and the least at 2, as in the experiments of Fruton 
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and Bergmann (1). Additional data with other substrates showing the 
reason for this shift in pH optimum will be presented in another commu- 
nication. 

It is convenient in describing the reactions of the various synthetic 
substrates for pepsin, now known, to divide them into two groups. This 
may be done on the basis of their structure; 7.e., those in which a phenyl- 
alanine or tyrosine residue is linked to certain non-aromatic amino acids 
and those in which two aromatic amino acid residues are linked to each 
other. The first are hydrolyzed relatively slowly by pepsin. The pH 
optimum was found by Fruton and Bergmann to be near 4, but it has been 
shown here, for one of them, that under certain conditions of hydrolysis 
the pH optimum shifts to 2. Those in the second group are hydrolyzed 
very rapidly and the pH optimum is 1.8 to 2. Thus substrates in both 
groups may, under certain conditions of hydrolysis, be hydrolyzed at the 
same pH optimum as are proteins. The great speed at which substrates 
in the latter group are hydrolyzed suggests that, should two aromatic 
amino acid residues be linked to each other in the protein molecule, the 
bonds between them may be the primary sites at which pepsin acts upon 
the molecule. | 

EXPERIMENTAL 


All compounds described below were recrystallized to constant melting 
point and, when optically active, to constant rotation prior to analysis.‘ 

Acetyl-p-phenylalanyl-L-tyrosine--The method previously described for 
preparing this compound (6) was slightly modified as follows: Acetyl- 
dehydrophenylalanyl-L-tyrosine (20 gm.) was hydrogenated in 400 ce. of 
methyl alcohol with palladium-black as catalyst until the theoretical vol- 
ume of hydrogen was absorbed. The palladium was filtered off, 400 cc. 
of water were added to the filtrate, and the mixture was cooled for 24 
hours at 0°. The precipitate was filtered off (the filtrate being set aside) 
and recrystallized repeatedly from hot ethyl aleohol by the addition of 
water. Norit A was employed as the decolorizing agent. The melting 
point was 241°, slightly higher than 237°, reported previously (6). The 
specific rotation was +24.9 at 26° (2.5 per cent in pyridine); that previ- 
ously reported was +25.1 at 20° (4 per cent in pyridine). This compound 
was shown by Bergmann, Stern, and Witte to be the p-1 diastereomer. 

Acetyl-L-phenylalanyl-.-tyrosine—The filtrate from the above was dilut- 
ed with 400 cc. of water and cooled for another 24 hours at 0°. A second 
precipitate formed and was discarded, as it was found to contain a con- 
siderable quantity of the p-L diastereomer. The filtrate from this second 
precipitate was evaporated to dryness in vacuo, and the residue repeatedly 


‘The author wishes to thank Dr. Adalbert Elek, who performed most of the 
analyses reported here. 
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recrystallized from warm methyl alcohol (25 cc. per gm.) by the addition | 
of an equal volume of water. Acetyl-L-phenylalanyl-L-tyrosine separated 
as triangular rods. Yield, 4 gm.; m.p. 230° (decomposition); [a]?’ = 
+14.5° (2 per cent in pyridine). For analysis the substance was dried 
in vacuo at 100°. : 


CzoH220,N:. Calculated. C 64.9, H 6.0, N 7.6 
370 Found. 64.8, 6.0, 7.5 lit 


As the p-L form of this compound had been identified, this compound, if 
pure, could be no other than the L-L diastereomer. Since the compound to 
identified as the p-L form was found to be entirely resistant to pepsin, 
while this compound was 100 per cent hydrolyzed, it is evident that this of 
is the L-L form free from any admixture of the p-L compound. Only a 38 
small quantity of this material was at hand; therefore no further proof of 
its identity was undertaken. It might be well to note here that a pre- 
liminary test with pepsin on a mixture of these two isomers showed one of 
them to be hydrolyzed. This finding was used as an aid in isolating the 
L-L diastereomer. 

(11 gm.) was dissolved in 100 cc. of water and 150 cc. of concentrated 
NH,OH and iodinated at 0° by the addition of 60 cc. of a 25 per cent po- 
tassium iodide solution containing 15 gm. of iodine. The resulting mix- 
ture was concentrated in vacuo at 45° until it gelatinized, and no longer 
smelled of ammonia. The jelly was removed by filtration and dissolved 
in warm glacial acetic acid. Upon cooling and adding water to the solu- 
tion, the product separated as rosettes of needles and was recrystallized 
three times from hot 95 per cent alcohol by the addition of water. Yield, 
12 gm.; m.p. 230° (decomposition) ; [a]2” = +26.3° (2 per cent in pyridine). 

CreH2eOsN2l:. Calculated. C 38.6, H 3.2, N 4.5, I 40.8 
622 Found. ** 38.6, “ 3.3, “ 4.5, 40.8 


(11.5 gm.) (m.p. 241-242°) was iodinated in the manner described above. 

The resulting solution was evaporated to dryness in vacuo at 45°, and the 

residue dissolved in boiling 50 per cent acetic acid. The addition of an g) 
equal volume of water caused the separation of acetyl-p-phenylalanyl-l- d 
diiodotyrosine as clusters of needles. For recrystallization, it was dis- e1 
solved in boiling 95 per cent alcohol and precipitated by the addition of A 
2 volumes of water. Norit A was employed as a decolorizing agent. T 
Yield, 13 gm.; m.p. 215° (decomposition) ; [a]? = +6.8° (2 per cent in95 (5 
per cent alcohol). For analysis the substance was dried at room tempera- ji 
ture over P,O, in a vacuum desiccator. Ww 


e 
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CooH2eO;Nels. Calculated. C 38.6, H 3.2, N 4.5, 1 40.8 
622 Found. “© 38.7, “ 3.3, “ 4.6, 40.7 


Azlactone of O,N-Diacetyldehydrotyrosine—In order to produce a purer 
product, the method previously described for the preparation of this com- 
pound (7) was modified as follows: 520 gm. of p-hydroxybenzaldehyde, 
500 gm. of acetylglycine, 400 gm. of anhydrous sodium acetate, and 1.6 
liters of acetic anhydride were heated on a boiling water bath for 1 hour. 
On cooling, bright yellow crystals of the azlactone separated. The azlac- 
tone was converted to acetamino-p-acetoxycinnamic acid by dissolving it 
in boiling glacial acetic acid and, while still hot, adding an equal volume 
of hot water. Recrystallization was effected in the same manner. Yield, 
350 gm.; m.p. 232-233°. 

Ci3Hy0O;N. Calculated. C 59.3, H 5.0, N 5.3 
263.1 Found. 60.2, * 5.0, ** 5.3 


The acid was then reconverted to the azlactone by dissolving it in boiling 
acetic anhydride. Yield, 270 gm.; m.p. 137-138". 


CyHiO.N. Calculated. C 63.6, H 4.5, N 5.7 
245.1 Found. ** 63.7, 4.6, “ 5.7 


N-Acetyldehydrotyrosyl-L-tyrosine—A solution of L-tyrosine (36.2 gm.) in 
1 liter of 0.2 Nn NaOH was added with constant stirring to a solution of 
49 gm. of the azlactone of diacetyldehydrotyrosine in 600 cc. of acetone. 
The mixture was stirred for 2 hours and allowed to stand at room tem- 
perature overnight. N HCl (250 cc.) was added and the mixture concen- 
trated in vacuo until a yellow gum separated. The gum was dissolved in 
water and 450 ce. of N NaOH were added. After standing overnight, 
500 cc. of N HCl were added and the solution was concentrated in vacuo. 
Colorless needles separated and were recrystallized from water. Yield, 


33 gm.; m.p. 231-232". [a]2° = +36.7° (2 per cent in 95 per cent alcohol). 


Calculated. C 62.5, H 5.3, N 7.3 


C2oH2006N2. 
384 


N-Acetyl-p-tyrosyl-L-tyrosine—N -Acetyldehydrotyrosy]-L-tyrosine (15.3 


_ gm.) was dissolved in 200 cc. of 95 per cent alcohol and hydrogenated as 
described in a previous section of this paper. The solution was filtered, 
evaporated to dryness in vacuo, and the residue dissolved in boiling water. 


After standing several hours, the crystals that had formed were filtered off. 
The filtrate was saved for the isolation of a possible second diastereomer 
(see below). The precipitate was dissolved in water with the aid of a 
little ammonium hydroxide, diluted to 300 cc., then adjusted to pH 2 
with 10 per cent HCl. After long standing, short triangular prisms sepa- 
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rated and were purified by repeated crystallization from water. Yield, 
3 gm.; m.p. 228°; fa]? = +31° (2 per cent in 95 per cent alcohol). 


CoolwOgNs. Caleulated. C 62.2, H 5.7, N 7.3 


To ascertain which diastereomer had been obtained, 0.74 gm. of the com- 
pound was refluxed for 5.5 hours in boiling 24 per cent HCl. The solution 
was evaporated to dryness in vacuo at 45°. Water was added and the 
solution again evaporated to dryness. The residue was dissolved in 19 ce. 
of water, the tyrosine precipitated with sodium acetate solution, filtered, 
and washed three times with water. It was dried in vacuo over P.O; 
and solid NaOH. Yield, 0.65 gm. or 93 per cent; m.p. 305°; [a]? = 0°. 
This yield of 93 per cent racemic tyrosine shows the compound to be the 
p-L diastereomer. 

Acetyl-L-tyrosyl-L-tyrosine—The filtrate reserved as described in the pre- 
ceding section was combined with the filtrate from the crystallization of 
the p-L diastereomer (see the preceding section) and evaporated to dry- 
ness in vacuo. ‘The residue was dissolved in water and set aside for crystal- 
lization. After standing many days at 0°, a small yield of long pointed 
lustrous rods was obtained. They were repeatedly recrystallized from 
water. Yield, 2 gm.; m.p. 241°; [a]? = +19° (1.5 per cent in alcohol). 

Calculated. C 62.2, H 5.7, N 7.3 
386 ‘ound. 


As the p-t diastereomer had been identified, this preparation, if pure, 
could be no other than the L-L diastereomer. Since the compound that 
had been identified as the p-L diastereomer was entirely resistant to pepsin, 
and this one was completely hydrolyzed, it is evident that the preparation 
was pure. The quantity of material at hand did not warrant its use for 
further proof of identity. 

N-carbobenzoxy-O-acety]-L- 
tyrosyl-L-phenylalanine ethyl ester, and carbobenzoxy-L-phenylalanyl-.- 
phenylalanine amide were obtained in small amount from the collection 
of the late Dr. Max Bergmann. 

N-Carbobenzoxy-.-tyrosyl-L-phenylalanine—As only a few mg. of the 
starting material N-carbobenzoxy-O-acetyl-L-tyrosyl-L-phenylalanine ethyl 
ester were available, N-carbobenzoxy-L-tyrosyl-L-phenylalanine was not 
isolated in the solid state. 10.64 mg. of the ester were dissolved in 0.1 ce. 
of 0.5 x NaOH and 2 cc. of acetone, and allowed to stand at room tempera- 
ture overnight to remove the acetyl group from the tyrosyl radical and 
convert the ester to the acid. The solution was evaporated to dryness at 
room temperature, and the residue dissolved in 8 cc. of water. Aliquots 
of this solution were used in the hydrolytic experiments. 
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Carbobenzoxy-L-glutamyl-L-tyrosine—This was prepared as previously de- 

scribed (1). 
Enzymatic Studies 

The crystalline pepsin was prepared from Cudahy pepsin according to 
the method of Philpot (4) and recrystallized twice. It was preserved under 
half saturated magnesium sulfate at 2°. Fresh solutions of it were pre- 
pared in 1.05 m acetate buffer of pH 4.6 about every 7 days. Pepsin A 
was prepared by the fractionation procedure of Herriott, Desreux, and 
Northrop (5). It was filtered from the saturated magnesium sulfate solu- 
tion as soon as prepared, dissolved in acetate buffer of pH 4.6, dialyzed 
overnight against acetate buffer of the same pH, and used immediately. 
The concentration of pepsin in the solution was determined with the aid 
of the micro-Kjeldahl procedure by calculating the difference between the 
total nitrogen and the non-protein nitrogen remaining in solution after 
precipitation of the protein with boiling 5 per cent trichloroacetic acid. 

For the hydrolytic experiments the calculated quantity of substrate was 
brought into solution in a measured quantity of 0.5 Nn NaOH solution. 
Varying amounts of water, acetate buffer, 0.5 N HCl, and pepsin solution 
were added in predetermined quantities to produce the desired pH and 
pepsin concentration. The acetate which was required for buffering at 
pH 4.0 was also used at pH 3.0 and 2.0 so as to change the conditions of 
the experiment as little as possible. All experiments were carried out at 
36.7°. Because of the very low solubility of the compounds, the concen- 
tration of substrate employed in each experiment was made low enough 
to avoid any possibility of precipitation during the experiment, and a con- 
centration of pepsin was chosen which would insure a measurably slow rate 
of hydrolysis. In order to satisfy these conditions, the concentrations of 
both substrate and enzyme used in this work were much lower than those 
employed heretofore (1-3). On this account a sensitive method was re- 
quired to measure the amino groups liberated during the enzymatic action. 
With only slight modification, the ninhydrin procedure of Moore and Stein 
(8) was found to meet this requirement. The ninhydrin solution was pre- 
pared afresh for each experiment and was never kept for more than a few 
hours. It was preserved at 0° when not in use. Extra alkali was added 
to the ninhydrin solution in a quantity sufficient to insure that, when 1 ce. 
of the reagent solution was added to the sample of the hydrolysate to be 
analyzed, the resulting mixture had a pH of 5.0. Between 0.1 and 0.5 ee. 
of either 0.5 or 1.0 s NaOH was required per 50 ce. of ninhydrin solution. 
The exact amount depended upon the pH and the volume of the sample 
to be analyzed. Samples of the hydrolysate were pipetted into 1 ec. of 
the ninhydrin solution already measured into the colorimeter tubes. Fur- 
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ther enzymatic action was effectively prevented by the methyl] cellosolve 
in this solution. 

None of the substrates employed in this work contained an amino group. 
Hence all were ninhydrin-negative prior to hydrolysis. One of the prod- 
ucts of hydrolysis was also ninhydrin-negative, and the other was a free 
amino acid. Some additional ninhydrin-positive material was formed, 
however, by the self-digestion of the pepsin. To correct for this, a pepsin 
control, without substrate, was run with each experiment at each pH value. 
The color factor of Moore and Stein for the particular amino acid liberated 
was then used to calculate the extent of hydrolysis. 

The amide, being insoluble even in NaOH, had to be handled in a dif- 
ferent manner from that used for the other substrates. It was dissolved 
in acetone and diluted with an equal volume of water. A sufficient amount 
of the amide was taken to make the resulting solution 0.001 m. Then 
0.2 cc. aliquots were pipetted into a series of colorimeter tubes, and the 
solution was allowed to evaporate slowly so as to leave a thin layer of the 
amide spread over the surface of the tubes. 1 cc. of the pepsin solution 
at the required pH was added to each tube, and the tubes incubated for 
6 days, one tube being withdrawn each day for determination of hydrolysis. 
The ninhydrin solution was added directly to each tube after the pH was 
adjusted to 5.0 by the addition of a calculated quantity of NaOH solution. 

For the identification of tyrosine in the hydrolysate of acetyl-t-phenyl- 
alanyl-L-tyrosine, 300 mg. of the substrate were hydrolyzed in 200 cc. of 
pepsin solution (0.012 mg. of N per cc.) at pH 2. At the completion of 
hydrolysis the solution was adjusted to pH 5.0 and brought to the boiling 
point. The coagulated pepsin was removed by filtration, the solution 
concentrated by boiling (to about 30 cc.), and cooled to 0°. Needles of 
tyrosine (150 mg.) separated and were twice recrystallized from water. 
Yield, 63 mg.; m.p. 306°. 

C,H,O.N. Caleulated. C 59.7, 16.1, N 7.7 
181 Found. 50.6, 6.1, 7.6 


The identification of diiodotyrosine in the hydrolysate of acetyl-L-phenyl- 


alanyl-L-diiodotyrosine was carried out in a similar manner, except that 


the substrate (300 mg.), dissolved in alkali, was added a little at a time to 
the pepsin solution (followed by enough acid to maintain the pH at 2.0), 
and the filtrate, after removal of the coagulated pepsin, was concentrated 
in vacuo at 40°. The residue in this case was recrystallized by bringing it 
into solution in water with a few drops of 0.5 n NaOH, and precipitating 
it with a few drops of glacial acetic acid. Yield, 170 mg.; m.p. 204°. 

C,H,O,NI,. Caleulated. C 25.0, H 2.1, N 3.2 

433 Found. ~ * 3.8 
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SUMMARY 


N-Substituted dipeptides containing two residues of the i forms of the 
aromatic amino acids, phenylalanine, tyrosine, or diiodotyrosine have 
been found to be hydrolyzed by pepsin. These peptides are hydrolyzed 
more rapidly than are any of the previously known synthetic substrates 
for pepsin. They have a pH optimum at 1.8 to 2, the same pH as is opti- 
mum for the action of pepsin on proteins. Pepsin A hydrolyzes them 
more rapidly than does pepsin crystallized from Cudahy pepsin, according 
to Philpot. Peptides containing the p forms of these amino acids, or 
tyrosyl peptides in which the phenolic group is blocked, are not hydrolyzed 
by pepsin. When carbobenzoxy-L-glutamyl-.L-tyrosine was hydrolyzed at 
very low concentration with a small amount of pepsin, it also was found 
to be hydrolyzed maximally at pH 2. Its hydrolysis under these condi- 
tions was, however, exceedingly slow. 
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THE ENZYMATIC PHOSPHORYLATION OF RIBOFLAVIN* 


By EDNA B. KEARNEY anno SASHA ENGLARD 


(From the Department of Biochemistry, School of Medicine, Western 
Reserve University, Cleveland, Ohio) 


(Received for publication, July 23, 1951) 


While the existence and coenzymatic function of riboflavin-5-phosphate! 
have been recognized for some time, the means by which this substance is 
synthesized from the free vitamin have not been satisfactorily demon- 
strated. Verzdr and coworkers (3, 4) have reported extensive phosphoryla- 
tion of riboflavin by means of inorganic phosphate in preparations of 
intestinal mucosa. The synthesis of FMN by such reversal of phosphatase 
action seemed an unlikely biological mechanism in view of the energetics 
of the reaction, but we none the less attempted to repeat this finding, 
closely duplicating their experimental conditions. Although these workers 
had reported as high as 50 per cent conversion of riboflavin to FMN, 
we were not able to demonstrate any FMN formation. Attempts to 
phosphorylate riboflavin with ATP in minces, homogenates, extracts, and 
acetone powders of hog and rat intestinal mucosa were likewise unsuc- 
cessful; added FMN was so rapidly split by phosphatase action, even 
in the presence of inhibitors such as fluoride or cysteine (5), that any 
formation of FMN could not have been detected. 

It was possible, however, to demonstrate phosphorylation of riboflavin 
in suspensions of dried brewers’ yeast in which interfering enzymes could 
be inhibited by the addition of fluoride. The present paper describes 
the isolation and properties of the enzyme which catalyzes this trans- 
phosphorylation. On the basis of the specificity and stoichiometry of 
the reaction, the name “flavokinase”’ is suggested for the enzyme. 


Materials and Methods 


The yeast used in this work was a thoroughly washed, low temperature 
dried beer yeast, Lot D-422, obtained from Anheuser-Busch, Ine.2 Ribo- 


* Preliminary reports of this work have been published (1, 2). This research 
was supported by grants from The National Vitamin Foundation, Ine., and the 
Williams-Waterman Fund of the Research Corporation, and by Research Grant 
RG 2283 from the Division of Research Grants and Fellowships, National Institutes 
of Health, United States Public Health Service. 

! The following abbreviations are used in this paper: FMN, flavin mononucleotide 
(riboflavin-5-phosphate); FAD, flavin-adenine dinueleotide; ATP, adenosinetri- 
phosphate; ADP, adenosinediphosphate; AMP, adenosine-5-phosphate; ITP, ino- 
sinetriphosphate; THA 

?We are grateful to Mr. James D. Veron and Dr. J. E. MeClary of Anheuser- 
Busch, Inc., for arranging the preparation of this yeast. 
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flavin, isoriboflavin, and pyridoxal, all three analytically pure compounds, 
were obtained from Merck and Company, Inc. Other sources were as 
follows: ribose, Nutritional Biochemicals Corporation; adenosine, B. L. 
Lemke; AMP, Ernst Bischoff Company, Inc. ATP was obtained either 
as the Ba salt (Sigma Chemical Company) or as the Na salt (Pabst Labora- 
tories). For key experiments, pure ATP was separated by chromatography 
on Dowex-1 columns (6). ADP was prepared similarly from commercial 
preparations of ATP as well as by yeast hexokinase (7). ITP was pre. 
pared by the method of Kleinzeller (8) and was ascertained to be free 
of ATP by spectrophotometric tests. FMN* was obtained in the form 
of the monodiethanolamine salt, the Na salt, and the free acid, and was 
analytically pure by C, H, N, and P analysis, by potentiometric titration, 
absorption spectrum, fluorometry, microbiological assay, and by the cyto- 
chrome c reductase test (9). The molar extinction coefficient of these 
FMN samples at 450 my was « = 11.8 X 10° sq. cm. mole. Adenylic 
deaminase was prepared according to Kalckar (10), and p-amino acid 
oxidase according to Negelein and Brémel (11). 

Assay of Enzyme—During the assay and subsequent analysis, solutions 
must be protected from light as much as possible. The enzyme is rovu- 
tinely assayed in low actinic test-tubes in a 5.0 ml. reaction mixture con- 
taining 7.5 X 10°? m THA buffer, pH 8.2, 1.0 K 10~ M riboflavin, 1.0 
x 10°? m ATP, and 3.0 X 10-* Mm MgSOQ,. The final pH is 8.0 at 30°. 
The mixture is incubated for 2 hours at 30° and the reaction is stopped by 
the addition of 2.0 ml. of 17.5 per cent trichloroacetic acid. After 10 
minutes boiling to hydrolyze the small amount of FAD which may have 
been synthesized (see “Specificity”), the solution is cooled and filtered. 
A 5.0 ml. aliquot of the filtrate is neutralized with 1.25 ml. of 2.4 m K,HPO,. 
The FMN content of the solution is then determined by the following 
adaptation of the method of Burch ef al. (12), based on the distribution 
coefficients of riboflavin and FMN between benzyl alcohol and aqueous 
solutions. 

The total flavin content of the neutralized filtrate is determined by its 
light absorption at 450 my in the Beckman spectrophotometer with the 


molar extinction coefficient, = 12.2 10° sq. cm. mole. 5 ml. of the | 


neutralized filtrate are then extracted with 12.5 ml. of benzyl alcohol 
(saturated with water) by bubbling for 30 seconds in 20 X 150 mm. test- 
tubes. The two phases are separated by brief centrifugation and the 
benzyl alcohol layer is quantitatively removed. 5 ml. of chloroform (satu- 
rated with water) are added and the bubbling and centrifugation are re- 


* We are indebted to Dr. W. Gibson and Dr. Karl Folkers of Merck and Company, 
Inc., for a gift of the last two compounds. 
* Kindly provided by Dr. 8. H. Rubin, Hoffmann-La Roche, Inc. 
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peated. The top layer is removed directly to a cuvette and the light 
absorption at 450 my is again determined. 

From the light absorption of the unextracted sample, after suitable 
correction for dilution, the flavin content of the initial 5.0 ml. of reaction 
mixture is calculated as millimicromoles of total flavin per 5.0 ml. This 
is value A in the equation to follow. Value B is identically calculated 
from the light absorption of the extracted sample. The millimicromoles 
of FMN per 5.0 ml. of reaction mixture = 1.25 of value B-0.125 of value A. 
This value may be multiplied by the factor, total millimicromoles of ribo- 
flavin added per value A, to correct for the slight loss of flavin which 
occurs on deproteinization. The equation above is derived from accurate 
measurements of the distribution coefficients of riboflavin and FMN be- 
tween benzyl alcohol and neutralized trichloroacetic acid solutions, as de- 
termined in our laboratory; these are 3.60 and 0.044, respectively. By 
this method, as little as 10 mum of FMN synthesized can be measured, 
and as much as 200 mum. Greater accuracy is obtained in the range of 
50 to 150 mum. The over-all error is +5 per cent.’ Fluorometric meas- 
urements may be substituted for spectrophotometric measurements for 
work on a smaller scale or with greater dilutions of flavin. 

Protein Determinations—Protein concentrations were measured by the 
absorption at 280 my in the Beckman spectrophotometer at pH 7; the 
relation between dry weight and Deg was determined at various stages 
of purification. 


Results 


Purification of Enzyme, Preparation A 


Step 1. Autolysis—The conditions for autolysis are standardized for 
500 gm. of dried yeast. The temperature and time relationship (Table I) 
are so chosen as to give the most satisfactory compromise between yield 
and purity of the enzyme, with relatively low concentrations of inter- 
fering enzymes on subsequent purification. The 500 gm. of yeast are 
allowed to autolyze in 1 liter of water at 35-36° with efficient stirring for 
2hours. At this time 500 ml. of water are added and the mixture is rapidly 
cooled to 30°. Stirring is continued for 15 minutes; the yeast is cooled 
to about 10° and centrifuged for 30 to 45 minutes at 4500 to 5000 r.p.m. 
in an angle type centrifuge. Activity ratio of supernatant = 0.2 to 0.5; 
total units = 40,000 to 45,000. A unit of activity has been arbitrarily 
defined as 1 mum of FMN synthesized in 2 hours at 30° per 5.0 ml. of re- 

‘The use of the molar extinction coefficient of riboflavin in calculation of the A 


and B values does not introduce significant error, since the extinction coefficient of 
FMN is almost the same, and riboflavin is the main component. 
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action mixture, under the usual assay conditions (cf. ‘“Methods’’); ac. 
tivity ratio, units of activity per mg. of protein. 

Step. 2. Ammonium Sulfate Precipitation—The enzyme is precipitated 
from the supernatant at 0°, pH 6.0 (pH of the autolysate is usually 5.9 
to 6.0), with solid (NH,4)2SO, to give 0.40 saturation, as calculated from 
the figure 71.5 gm. per 100 ml. = 1.0 saturation. After 45 minutes stir. 
ring, the suspension is centrifuged for 45 to 60 minutes at 5000 r.p.m. and 
the opalescent supernatant is discarded. The precipitate is dissolved in 
about 30 to 40 ml. of water and dialyzed against running distilled water 
for 16 to 18 hours. The heavy precipitate after dialysis is centrifuged 


TaBLe 
Effect of Time of Autolysis on Yield and Purity of Enzyme 
Autolysis pH 6.0; 0.40 saturation® | pH 6.0; 0.45 saturation*® 
1.0 10,700 52 27 , 200 20 
1.5 21 ,600 36 41,800 13 
2.0 42,000 18 38 ,600 8 
2.0 40,500 27 38 ,000 14 
2.5 32,200 22,800 3 
3.0 31,500 13 31,000 6 
4.0 | 4,250 | 1 3,530 0.3 


Autolysis conditions as in the text. 

* Total units and units per mg. of protein are given for these preparations only 
after precipitation with (NH,).SO, at the indicated concentrations and thorough 
dialysis. 


down at 10,000 r.p.m. for 30 minutes and discarded. Activity ratio of the 
clear supernatant = 23 to 27; total units = 30,000 to 40,000. 

Step 3. Precipitation at pH 5.0 and Adsorption on Aluminum H ydrovide 
Gel Cy—The dialyzed enzyme from Step 2 is diluted with water to a 
protein concentration of 8 to 10 mg. per ml. (Dos) = 13.2 for 1 per cent 
protein). The solution is brought to pH 5.0 at 0° by the addition of 0.2 
to 0.3 ml. of 1 N acetic acid. Turbidity develops at this point, but the 
solution is not centrifuged. Aluminum hydroxide gel Cy (13) is added 
in the ratio of 60 to 80 mg. of gel per gm. of protein, and after 15 minutes 
stirring the mixture is centrifuged for 30 minutes at 10,000 r.p.m. Enough 
gel should be added so that the amount of protein adsorbed, plus the 
precipitate which formed in adjustment to pH 5.0, is about 45 to 50 per 
cent of the initial protein. Since this step depends on the age of the gel 
and since the enzyme is not completely stable at pH 5.0, it is best to 
determine the amount of gel needed on a small aliquot prior to adjusting 
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the entire preparation to pH 5.0. The supernatant contains all of the 
enzyme at roughly twice the previous purity. 

Step 4. Ammonium Sulfate Precipitation at pH 6.0 and 7.2—The super- 
natant from the previous step is brought to pH 6.0 at 0° by the addition 
of 0.4 to 0.5 ml. of 0.5 m K,HPO,, and solid (NH,4)2SO, is added to give 
0.42 saturation. The suspension is stirred for 30 minutes and then cen- 
trifuged for 15 minutes at 10,000 r.p.m. The water-clear supernatant 
is discarded and the volume of the precipitate is estimated for a later 
calculation of the (NH,).SO, concentration. The precipitate is dissolved 
in 0.015 m phosphate buffer, pH 7.2, in half of the volume at the end of 
Step 3, and the (NH,):SO, concentration is calculated, considering the 
precipitate at pH 6.0 as 0.42 saturated (NH,)SO,. The solution is cen- 
trifuged if not clear, and the (NH,).SO, concentration of the supernatant 
is raised, at 0°, to 0.42 saturation with solid (NH,)2SO,. After 15 minutes 
stirring, the suspension is centrifuged for 10 minutes at 10,000 r.p.m. : The 
precipitate is dissolved in a small volume of water and dialyzed against 
water at 0° for 2 to 3 hours. The dialyzed enzyme is centrifuged free of 
any precipitate which forms and is lyophilized to dryness. 

The lyophilized precipitate is resuspended in 0.05 m succinate buffer, 
pH 6.0, and allowed to stand at 0° for 45 minutes. Much of the protein 
does not dissolve, and this is removed by 10 minutes centrifugation at 
18,000 r.p.m. at 0°. The activity of the supernatant is measured in 
the presence of 1 X 10-* m MgSQ,, since the usual Mg** concentration 
of 3 X 10~* Mm is not optimal at this stage of purification (cf. ‘“Metal re- 
quirements’). The activity ratio is 240:270, and the total units are 
17,000 to 22,000. In the presence of Zn**, the activity ratio is as high 
as 350. 

The enzyme may be lyophilized at any stage of purification and is stable 
in this form at —10° for at least several weeks. Aqueous solutions of 
the final preparation lose activity rapidly at 0°. 

Preparation B 

An alternate procedure for preparing the enzyme is outlined below. 
This method resulted in a preparation completely free of interfering en- 
zymatic activities, with which certain key experiments could then be per- 
formed. It was later abandoned in favor of Preparation A, which yields 
a greater amount of enzyme and is more readily reproducible. 

300 gm. of yeast were autolyzed in 600 ml. of water for 2.5 hours at 
35-36°; 300 ml. of water were added and stirring was continued at 35-36° 
for 15 minutes more. The solids were centrifuged off and the supernatant 
was adjusted to pH 5.2 with 12 ml. of 2 N acetic acid. The enzyme was 
precipitated with solid (NH,).SO, at 0.40 saturation, and the precipitate 


|| 

ac- 
ated 
0.9 
from 
stir. 
and 
in 
ater 
ged 
nly 
gh 
he | 
ide | 
nt 
2 | 
ne 
es 
th 
e | 
r 
el 

0 

‘ 


826 FLAVOKINASE 


was dissolved and dialyzed as for Preparation A. After dialysis, the sus- 
pension was again centrifuged. Activity ratio of the supernatant = 5 to 
6; total units = 11,000 to 20,000. The supernatant, at 2 per cent protein 
concentration, was diluted with one-third volume of 0.2 m acetate buffer, 
pH 5.0, and 95 per cent ethanol was added at 0° to —1° to a final con- 
centration of 18 per cent by volume. The precipitate was discarded and 
the ethanol concentration of the supernatant was raised to 35 per cent. 
The precipitate from this fraction was dissolved in 0.05 m succinate buf- 
fer, pH 6.0, and lyophilized to dryness. Activity ratio = 20 to 50; total 
units = 3000 to 8000. 

Interfering Enzymes—Crude preparations from brewers’ yeast contain 
certain enzymes which interfere with the quantitative estimation of FMN 
synthesis, such as the FAD-synthesizing enzyme described by Schrecker 
and Kornberg (14), nucleotide pyrophosphatase (15), a phosphatase which 
hydrolyzes FMN, and probably also apyrases. All of these enzymes are 
eliminated through Preparation B, and all but a small amount of the FAD 
enzyme are removed by the end of Preparation A; this in no way interferes 
with the routine assay, since FAD is hydrolyzed to FMN during the 
deproteinization procedure. In the earlier stages of the preparation (Steps 
1 and 2) 1 X 10-' m KF and 2 X 10°? m Na :pyrophosphate are used to 
inhibit the interfering enzymes. 


Properties of Enzyme 

Kinetics—Enzyme activity follows a zero order, reaction for at least 2 
hours and is directly proportional to enzyme concentration (Fig. 1). With 
preparations having an activity ratio of 200 or greater, the reaction is 
linear for 1 hour, but deviates slightly from linearity by 2 hours. 

At pH 7.8 (THA buffer) the apparent temperature optimum is 38° 
(Fig. 2, a). At 30°, the pH range of optimal activity is 7.8 to 8.5 (Fig. 
2,6). THA is the preferred buffer for work with the enzyme; the activity 
is somewhat lower in borate. Phosphate buffer in concentrations up to 
7 X 10°? m has no inhibitory effect except at limiting metal concentrations. 

Substrate Requirements—The enzyme is saturated at a concentration of 
about 1 X 10~‘ m riboflavin and half saturated at 1.0 K 10-5 m (Ky) 
(Fig. 3). A source of high energy phosphate is obligatory for the phos- 
phorylation of riboflavin in this system, and this requirement can be met 
with either ATP or ADP. Inorganic phosphate does not enter the re- 
action. Although the dissociation constants of the enzyme for ATP and 
ADP are almost identical, 1.7 X 10-° m and 1.6 X 10-5 m respectively, 
ADP is only about half as effective as ATP as phosphate donor (Fig. 4). 
This may in part be due to the fact that the product, AMP, acts as a 
competitive inhibitor of the enzyme (Fig. 4). The dissociation constant 
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of the enzyme for this inhibitor (K ;) is calculated to be about 2.5 * 10-° m. 
ITP is inactive and non-inhibitory (Fig. 4). These data would suggest 


‘ool 


A 


1O 2.0 

Fic. 1. Proportionality of FMN formation with time and enzyme concentration. 
(a) Abscissa, time in hours; ordinate, millimicromoles of FMN synthesized per 5.0 
ml. of reaction mixture. Standard conditions, except for the inclusion of 2 X 10°? 
mu Na pyrophosphate and 1 X 10-3? m MgSO,. Enzyme, ammonium sulfate precipi- 
tate as in Preparation B, 13.75 mg. per tube, at an activity ratio of 7. (b) Abscissa, 
ml. of enzyme solution, 5.45 mg. per ml.; ordinate as in (a). Duration of experi- 
ment, 2 hours. Conditions and enzyme as in (a). 
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Fig. 2. The effect of temperature and pH. (a) Ordinate, millimicromoles of 
FMN per 5.0 ml.; abscissa, temperature in °C. Enzyme as in Fig. 1, 12 mg. per 
tube; conditions as in Fig. 1. (6) Ordinate, millimicromoles of FMN formed per 
5.0 ml.; abscissa, pH of reaction mixture at 30°; O, in 7.5 X 10°? m phosphate buffer, 
A, in 7.5 X 10°? m of THA buffer. Standard assay conditions; enzyme, alcohol- 
fractionated preparation, 3.9 mg. per tube at an activity ratio of 23. 

Fia. 3. Affinity of enzyme for riboflavin (Lineweaver-Burk plot). Abscissa, S, 
average riboflavin concentration in micromoles per 5.0 ml. during the experimen- 
tal period (20 minutes). Ordinate, S/V, where V = millimicromoles of FMN syn- 
thesized per 5.0 ml. of reaction mixture. Enzyme, Preparation B, 4.4 mg. per 
tube at an activity ratio of 23.4. At the lowest substrate concentration, fluorometric 
measurement was used. 


that the amino group in the 6 position of the purine ring is necessary for 
combination with the enzyme. A detailed study of this question is in 


progress. 


sus- 
tein 
fer, 
‘on- 
and 7 
buf- 
ota] 20 
ain 
IN 
ker 
ich 
are 
AD 
res 
he 
eps 
to 
2 
th 
18 
| 
y 
8. | 
of | 
) 
d 
| 


828 FLAVOKINASE 


It should be mentioned that, since ADP appeared to function as a phos- 
phate donor in this system in contrast to other phosphokinase reactions, 
the enzyme preparation was tested for myokinase activity. The enzyme 
was incubated with ATP and AMP under the usual assay conditions, 
but without riboflavin; the proteins were precipitated with either perchloric 
acid or metaphosphoric acid, and the AMP content of the filtrates was 
determined by Schmidt’s deaminase (10). No AMP disappearance could 
be detected, indicating the absence of myokinase activity. It may be 
added that the relative efficiencies of ATP and ADP in FMN synthesis 
are the same in the most highly purified preparation as. in the alcohol- 
fractionated enzyme used here. 


Metal Requirements—Without added bivalent cations, the activity of 
TaBLe II 
Metal Activation 
Metal Optimal concentration Ky 
3X 100 7.5 X 10-5 
3 X 10-4 221 2.9 10-4 “ 
1 10-4 “ 65 2.2 10-5 
6 X 10-4 120 9.0 X 10-5 


Fe**, Al***, Nit**, inactive; Cat**, inhibitor. 

Enzyme is an alcohol-fractionated preparation except in the experiments with 
Co**, in which the enzyme was made as for Preparation A, end of Step 5. Values 
for Ky and Vyas. are theoretical, derived from Lineweaver-Burk plots. The op- 
timal concentration is hat giving the best synthesis experimentally in the prepa- 
ration used. 


the enzyme is negligible from the end of Step 2 throughout purification. 
In Table IT the activities of a number of metallic ions are compared. In 
preparations made by alcohol fractionation, or in the less purified stages 
of Preparation A, activation by Mg** is optimal at a concentration of 
3 X 10-4 mM; higher concentrations are somewhat inhibitory (Fig. 5, Curve 


1). Preliminary evidence suggests that this inhibitory effect may be re- | 


lated to the binding of ATP by other proteins present. In highly purified 
preparations (end of Preparation A), both the optimal concentration of 
Mg** and the Ky value have changed (Fig. 5, Curve 2). The Ky, as 
calculated from the theoretical V max. by the Lineweaver-Burk method, 
is 2.1 X 10~* M, as compared with 7.5 X 10~® m in the earlier preparations. 
The theoretical V..s.. is more closely approached experimentally, how- 
ever, in the crude preparations than in the material of higher purity, 
although no inhibition is apparent with the latter as the Mg++ concen- 
tration is raised (Curve 2, Fig. 5). Of the other metallic ions tested, 
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only Co** acts similarly. This ion inhibits enzyme activity even in puri- 
fied preparations at concentrations above the Ky value. Mn**, with 
the lowest affinity constant, is not inhibitory but has a low V max. which 
is closely approached experimentally. 

Despite the changes in the apparent Ky with purification, Mg** is 
most consistent of these ions in activation of the enzyme, and has, there- 
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Fic. 4. Affinity of enzyme for ATP, ADP, AMP, and ITP (Lineweaver-Burk 
plot). Abscissa, average substrate concentration during the experimental period 
(2 hours), in micromoles per 5.0 ml.; ordinate S/V, where V is millimicromoles of 
FMN synthesized per 5.0 ml. of reaction mixture. @, ADP; O, ATP; A, ATP plus 
1X 10°*m ITP; O, ATP plus 9.4 X 10°5m AMP. Enzyme, Preparation B, 5.0 mg. 
per tube at an activity ratio of 21. Vis. for ATP, ATP + ITP, and ATP + AMP 
= 106 mum per 5.0 ml.; Vinax. for ADP = 41. These were used for the calculation 
of the Kau values given in the text. 

Fig. 5. Effect of Mg** concentration. Abscissa, Mg** concentration in moles 
per liter X 10-4; ordinate, millimicromoles of FMN formed per 5.0 ml. Standard 
assay conditions. Curve 1, alcohol-fractionated enzyme, 4 mg. per tube, at an 
activity ratio of 31. Curve 2, enzyme from Preparation A, final step, 0.84 mg. per 
tube, with an activity ratio of 110 at the standard Mg** concentration of 3 X 10 
mu. Activity of the two preparations related as equal at 3 X 10°* am MgSO,, and the 
other points corrected from this activity for purposes of comparison. 


fore, been used as a standard of reference throughout this work. This 
is in contrast to the effect of Zn*+*+, which varies remarkably with the stage 
of purification. Thus, at the end of Step 2, the enzyme, though activated 
by Mg**, is only very slightly activated by Zn**. Alcohol preparations 
of similar purity are activated more by Zn*+*+ than by Mg** (Table II). 
Preparations carried through the entire procedure of Preparation A are 
again activated by Zn++, sometimes twice as much as by Mgt*. Since 
the end of Step 2 is the only thoroughly dialyzed stage in the purification, 
it may be that other ions present in the other stages influence the acti- 
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vation by Zn**. Possibly not Zn** itself, but a complex ion thereof is 
the activator. Similar variations in the effect of Zn on other enzymes 
have been reported by Johnson (16) and Smith (17). In view of these 
diverse observations on the metal requirements of this enzyme, a more 
complete study of this problem will be made. 

Stoichiometry and Identification of Product—The stoichiometry of the 
reaction was determined by simultaneous analysis of the FMN synthe- 
sized and the riboflavin removed, and by the disappearance of acid-labile 
phosphate. The latter was determined by 7 minutes hydrolysis in 1 x 
H,SO, at 100°; the phosphate of FMN is acid-stable. To obtain signifi- 
cant differences in acid-labile phosphate, a low concentration of ATP was 
used (3 X 10-5 m) at which the enzyme acted at about half its maximal 
rate, and the amount of enzyme was so chosen as to convert half of the 
ATP, or 25 per cent of the labile phosphate, to FMN. The results of 


TaBLe III 
Stoichiometry 
Riboflavin used FMN formed ATP used 
76.6 76.6 | 77.3 


Easyme is an alcohol preparation, activity ratio, 43, 3.3 mg. of protein per tube; 
standard assay conditions except for ATP, which was prepared by Dowex-1 chroma- 
tography. Other details in the text. 


this experiment are recorded in Table III. The balance of the reaction 
indicates that exactly 1 mole of acid-labile phosphate disappears for each 
mole of FMN synthesized, and the reaction may thus be formulated: 
Riboflavin + ATP — FMN + ADP 
or 
Riboflavin + ADP — FMN + AMP 


That the reaction is essentially irreversible is to be expected from ther- 


modynamic considerations, and is experimentally demonstrated by the | 


quantitative conversion of riboflavin to FMN, in the presence of excess 
ATP. FMN and AMP remain unchanged in the presence of the enzyme. 

The identity of the product as riboflavin-5-phosphate is indicated by its 
distribution coefficient between benzyl alcohol and water, and by its 
stability to acid. Further evidence of the identity of the product is its 
conversion, by the enzyme of Schrecker and Kornberg (14), to FAD as 
measured fluorometrically (12) and with the p-amino acid oxidase split 
protein. Finally the product is identified by its ability to activate the 
apoenzyme of cytochrome c reductase of yeast (9). 
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To demonstrate this, FMN was prepared by incubating 5 um of ATP 
and a limiting amount of riboflavin (101.8 mum) with sufficient enzyme 
(250 units) to convert all of the riboflavin to the phosphorylated form. 
After incubation under the usual conditions, this solution was placed for 
3 minutes in a boiling water bath, cooled, and filtered. A parallel ex- 
periment analyzed by the benzyl alcohol method established that the 
conversion of riboflavin to FMN was complete (106 mum of FMN). The 


Fic. 6. Activation of cytochrome c reductase apoenzyme. Ordinate, ADs» from 
1 to 8 minutes after the addition of cytochrome; blank reduction without added 
FMN is subtracted. Abscissa, molar concentration of FMN X 10-7. O, authen- 
tic FMN; A, enzymatically formed FMN. All constituents of the reductase system 
were prepared as specified by Haas et al. (9), except for cytochrome, which was a 
commercial preparation from Wyeth, Incorporated, and TPN, which was a 50 per 
cent pure substance prepared according to LePage and Mueller (18). The reductase 
apoenzyme and the FMN to be tested were incubated 15 minutes at 28° to allow 
complete combination. FMN concentrations in the graph refer to this incubation 
mixture. 0.08 ml. aliquots were added to cells containing all other constituents 
except cytochrome, which was added immediately thereafter at zero time. Final 
concentrations in the cell were as follows: 5.16 X 10-* m cytochrome c, 8.9 X 10-5 
u TPN, 3.4 X 10°? m glucose-6-phosphate, 2.8 X 10-? m phosphate buffer, pH 7.1, 
300 y of Zwischenferment. The concentration of reductase was so chosen as to give 
about 50 per cent reduction of the added cytochrome in 8 minutes in the presence of 
excess FMN. The preparation of FMN from riboflavin is described in the text. 


flavin content of the filtrate was used as the basis of the calculated FMN 


- content of the samples in subsequent assay with cytochrome c reductase 


apoenzyme. It is seen from Fig. 6 that FMN prepared by flavokinase 
replaces authentic riboflavin-5-phosphate as the prosthetic group of cyto- 
chrome reductase. 

Specificity—The specificity of flavokinase was tested at various stages 
of purification; namely, at the end of Step 2 and in the most highly puri- 
fied fraction. The first of these contains phosphokinases for the phos- 
phorylation of ribose (19), adenosine (19, 20), glucose, pyridoxal, and the 
FAD-synthesizing enzyme of Schrecker and Kornberg (14). The final 
preparation does not phosphorylate adenosine or ribose, although hexo- 
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kinase and FAD-synthesizing activities are still present; the phosphokinase 
- for pyridoxal is largely removed. The activity on ribose, adenosine, and 
glucose was measured by the disappearance of acid-labile phosphate, with 
Berenblum and Chain’s micromethod for the determination of phosphorus 
(21). That flavokinase and hexokinase are different enzymes is indicated 
by the complete absence of flavokinase activity in highly purified bakers’ 
yeast hexokinase and by the pronounced differences in the metal require- 
ments of the two enzymes. Phosphorylation of pyridoxal was measured 
by activation of the tyrosine apodecarboxylase of Streptococcus faecalis 
(22). The enzyme which catalyzes this phosphorylation can be differ- 
entiated from flavokinase on the basis of its solubility in water and in 
alcohol, and its stability to the latter solvent. The enzyme of Schrecker 
and Kornberg is distinguished from flavokinase (a) by the almost com- 
plete absence of riboflavin phosphorylation in purified preparations of 
the former, (b) by the fact that ADP is inactive in FAD synthesis, and 
(c) by the complete absence of FAD formation from FMN and ATP in 
the alcohol-fractionated enzyme.’ 

A close structural requirement by flavokinase for its substrate is sug- 
gested by experiments with isoriboflavin, which differs structurally from 
riboflavin only in the position of one methyl group (isoriboflavin, 5,6- 
dimethyl-9-(1-p-ribityl)isoalloxazine; riboflavin, 6,7-dimethyl-9-(1-p-ribi- 
tyl)isoalloxazine). Isoriboflavin is not phosphorylated by the enzyme at 
any stage of purification. A systematic study of the phosphorylation of 
other riboflavin analogues and their possible inhibitory effects is in prog- 
ress. 


With the demonstration of this enzyme, it is possible to delineate the 
main features of the metabolism of riboflavin in yeast (Fig. 7). Starting 
with riboflavin (RF) and ATP or ADP, FMN is synthesized by means of 
flavokinase, an essentially irreversible reaction. FMN and ATP are con- 
densed to FAD by the enzyme of Schrecker and Kornberg, with inorganic 
pyrophosphate (PP) as a side product; this is a reversible reaction. The 
breakdown of FAD is also catalyzed by nucleotide pyrophosphatase to 
yield FMN and AMP. FMN in turn is broken down to riboflavin and 
inorganic phosphate by the action of phosphatase. Thus far, the two 
key enzymes, flavokinase and the FAD-synthesizing enzyme, are known 
to exist only in yeast, while the other enzymes involved have been demon- 


* Unpublished data by Mr. J. Hurwitz of this laboratory. We are grateful to 
Mr. Hurwitz for the determinations of pyridoxal phosphorylation. 

? Both enzymes are, however, activated by Zn** as well as by Mg** (Englard, S., 
and Kearney, E. B., unpublished data). 
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strated in animal tissues as well. FAD synthesis from riboflavin, however, 
has been shown to occur in animal tissues (23, 24), although the mecha- 
nism of the transformation is not known. It seems likely that this forma- 
tion of FAD from riboflavin may proceed via the same cycle; 7.e., with 
the initial phosphorylation of riboflavin. FMN may arise in three dif- 
ferent ways, but ultimately all of these probably depend on flavokinase 
for the initial phosphorylation of riboflavin. Flavokinase seems ideally 
suited for the manufacture of a trace substance such as FMN in view of 
its low dissociation constants for its substrates and cofactors, and its 
ability to carry the reaction to completion. The flavokinase activity of 
brewers’ yeast autolysate is of the same low order of magnitude as its 
content of the FAD-synthesizing enzyme (14). Both of these activities, 
however, appear to be sufficient to replenish rapidly the relatively low 
flavin nucleotide content of yeast cells (25). Once these enzymes are 


ADP 
nucleotide 
yrophosphat ase 


FAO/+e-P 


Fig. 7. Metabolism of flavin nucleotides in yeast 


available in the pure state, it will be of interest to determine whether they 
are present in appreciable concentrations but have low turn-over numbers, 
or whether they are present in very low concentrations with high turn- 
over numbers. 


It is a pleasure to thank Dr. Thomas P. Singer for his interest and help 
in the course of this study. 


SUMMARY 


1. An enzyme has been isolated from brewers’ yeast which catalyzes 
the reaction: 


Riboflavin + ATP — riboflavin-5-phosphate + ADP 
2. The stoichiometry of the reaction has been demonstrated and the 
product of the reaction identified. In view of this reaction, the name 


“flavokinase”’ is proposed. 
3. The activity of the enzyme follows zero order kinetics and is linear 
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with enzyme concentration. The pH range for optimal activity is 7.8 
to 8.5 and the optimal temperature is 38°. 

4. The dissociation constants of the enzyme for riboflavin, ATP, ADP, 
and AMP have been determined. ADP is about half as effective as ATP 
as phosphate donor in the reaction. ITP is inactive and non-inhibitory, 
and AMP is a competitive inhibitor. 

5. A metallic ion is required for full activity, and Zn*+*+, Mg**, Cot, 
and Mn** are effective in this capacity. The relative affinities of these 
ions for the enzyme have been measured. Fet+, Al***+, and Ni** are 
inactive; Ca** is inhibitory. 

6. The enzyme appears to be specific for riboflavin within the limits of 
the tests made thus far. 

7. The réle of the enzyme in the metabolism of riboflavin is discussed. 
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SYNTHESIS OF A p-a-LECITHIN, AN ACTIVE ANTIGEN 
COMPONENT IN THE SERODIAGNOSIS OF SYPHILIS 


By ERICH BAER anp FRANK MARTIN 


(From the Banting and Best Department of Medical Research, Banting Institute, 
University of Toronto, Toronto, Canada) 


Wits a Section By R. H. ALLEN AND D. B. Tonxs 
(Received for publication, June 25, 1951) 


Although the serodiagnosis of syphilis by various tests has been carried 
out routinely for many years, our knowledge concerning the chemical na- 
ture of the specific antibody and antigen is still too limited to allow a 
satisfactory interpretation of the serological reactions involved. Valu- 
able contributions towards the elucidation of the structure of several 
constituents of the antigen have been made during the past 10 years by 
Pangborn, who succeeded in purifying and identifying two of the com- 
ponents, cardiolipin (1) and lecithin (2), and more recently by Rice and 
Osler (3), who achieved the isolation of a chromatographically homo- 
geneous, immunologically active lecithin from a commercially available 
beef heart lecithin prepared for serological tests. 

Baer and Kates (4, 5) reported 2 years ago the synthesis of several 
constitutionally and configurationally pure L-a-lecithins. Subsequently 
Rosenberg (6), Kline (7), and Allen' demonstrated that these synthetic 
lecithins, especially the L-a-(dimyristoyl) lecithin (7), can replace ad- 
vantageously the “purified lecithin of beef heart” as an antigen component 
in the serodiagnosis of syphilis.2 It was deemed of interest to study the 
effect of structural variations in the lecithin molecule on its activity as an 
antigen component. Several relevant facts have recently emerged. We 
now know, for instance, that the antigen activity of lecithin does not 
change appreciably (6, 7) if the unsaturated fatty acids are replaced by 
saturated fatty acids of varying chain length (Cy — Cys), but that the 
activity disappears altogether if the phosphoric acid-choline ester linkage 
is broken. The serological significance of this linkage became apparent 
when attempts to replace the lecithin component 6f the antigen with the 


1 Private communication from Dr. R. H. Allen, Department of National Health 
and Welfare, to the author. 

The synthetic a-lecithins have the advantage of possessing a constant and 
predictable serological activity. At the instigation of the World Health Organiza- 
tion the synthetic a-lecithins are being subjected, in various serological laboratories, 
in England and on the continent, to extensive tests in order to estimate their practi- 
cal value as an antigen component in the serodiagnosis of syphilis. 
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choline salt of the L-a-(dimyristoyl) phosphatidic acid (8) consistently 
failed to yield an active antigen. From a practical as well as a theoretical 


Reaction Scheme 


H2C-0H 
H Pt(Fe) ZnCl2 
H 
H2 
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H2S0. R-COC1 Ho Pd 
“OCH2 H20 Ho pyridine 
VII VIII Ix 
He 
CH2OH=CH2N(CH3)3C1 
RCOO-CHa pyridine RCOO-CH2 pyridine 
RCOO=}CH 
xI XII 


Synthesis of Dex-(dimyristoyl) lecithin 


point of view it seemed of interest to ascertain whether or not the sero- 
logical tests for syphilis possess specificity with regard to the configuration 
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of the lecithin component of the antigen. The necessary substrate for 
this investigation, which can be either a p or pL-a-lecithin, had to be 
obtained by synthesis, since neither the p nor pt form of a-lecithins seems 
to occur in nature. 

In recent publications from this laboratory the synthesis of several L- 
and DL-a-lecithins (4, 5) has been described, and it was stated that the 
D isomers are obtainable by the same procedure, provided that L-acetone 
glycerol is used as starting material. Although the preparation of a DL-a- 
lecithin would have entailed considerably less work (six steps) than that 
of a p-a-lecithin (twelve steps), a p-lecithin was selected as substrate be- 
cause it is free from the serologically active L isomer and hence its use 
should give a more clear cut result. In view of the fact that of the three 
synthetic a-lecithins reported by us the L-a-(dimyristoyl) lecithin is the 
most satisfactory antigen component, its D isomer was synthesized for 
use in the present investigation. The reaction scheme and the following 
sequence of reactions summarize briefly the synthesis of p-a-(dimyristoy]) 
lecithin and illustrate the stereochemical relationships of the various inter- 
mediate compounds: mesquite gum —(1)— L-arabinose (9) —(2)—> L-man- 
nonic acid lactone (10) —(3)—> L-mannitol (11) —(4)— 1,2,5,6-diacetone 
L-mannitol (11) —(5)— acetone L-glyceraldehyde (11) —-(6)— L-acetone 
glycerol* (11) —(7)— L-acetone glycerol a-benzyl ether —(8)— p-a-benzyl 
glycerol ether —(9)— L-a,§-dimyristin a-benzyl ether —(10)— L-a,@- 
dimyristin —(lla, b)— dimyristoyl p-a-glycerylphenylphosphorylcholine 
chloride —(12)— dimyristoyl p-a-glycerylphosphorylcholine (p-a-(dimy- 
ristoyl) lecithin). The p-a-(dimyristoyl) lecithin is the first lecithin of 
the p series to become known. 

The serological evaluation of the p-a-(dimyristoyl) lecithin was car- 
ried out by Dr. R. H. Allen and Dr. D. B. Tonks of the Department of 
National Health and Welfare, Ottawa, both of whom graciously gave the 
author permission to report their results in this communication (see the 
experimental part). These investigators found that the two enantiomeric 
forms of the a-(dimyristoyl) lecithin possess virtually identical activity 
as antigen components in the Venereal Disease Research Laboratory 
(V. D. R. L.) slide flocculation test. The serological reaction thus is 
unspecific with regard to the configuration of the lecithin and for this 
reason it should be possible to use the more readily accessible synthetic 
DL-a-lecithins as antigen components. 


EXPERIMENTAL 


The synthesis of L-acetone glycerol (Steps 1 to 6) was carried out as 
described by Baer and Fischer (11). The t-a,6-dimyristin (Steps 7 to 


* With regard to the steric classification of asymmetrically substituted glycerol 
derivatives, see Fischer and Baer (12) and Baer and Kates (5). 
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10) was obtained by the following procedure reported for the preparation 
of p-a,8-dimyristin (5) but with L-acetone glycerol as starting material. 
Compounds VII to XII are reported for the first time. 

VII. u-Acetone Glycerol a-Benzyl Ether—Yield 78 per cent; b.p. (0.5 
mm.) 90-93°; [a], = —18.3° in substance. 

VIII. v-a-Benzyl Glycerol Ether—Yield 68 per cent; b.p. (0.2 mm.) 
121-123°; [a], = —5.36° in substance. 

IX. .-a,8-Dimyristin a-Benzyl Ether—Yield 65 per cent; m.p. 33-34°: 
[a], = —5.6° in anhydrous and ethanol-free chloroform (c, 7 per cent). 
(602.9). Calculated. C 75.70, H 11.03 

Found. ** 75.81, “ 11.01 
X. t-a,8-Dimyristin—Yield 90 per cent; m.p. 58-59°; [a], = +3.4° 
in anhydrous and ethanol-free chloroform (c, 7 per cent). 


CuHeoO, (512.8). Calculated. C 72.60, H 11.79 
Found. ** 72.80, “* 11.70 


The phosphorylation of the L-a,8-dimyristin (Step lla), the esterifi- 
cation of the resulting dimyristoyl pD-a-glycerylphenylphosphory] chloride 
with choline chloride (Step 11b), and the removal of the phenyl group 
(Step 12) were carried out as described for the optical isomer in the ab- 
breviated procedure for the synthesis of a-lecithins by Baer and Maurukas 
(13). 

XI. Dimyristoyl p-a-Glycerylphenylphosphorylcholine Chloride—Yield 
35.5 per cent; [a], = —1.8° in anhydrous and ethanol-free chloroform (c, 
10 per cent); starts to sinter at 65°, forming gradually a semitransparent 
mass which melts with the formation of a meniscus from 126—-127° (rate 
of heating approximately 3° per minute). 

CuH:0sPNCI (790.6). Calculated. C 63.81, H 9.82, P 3.92, N 1.77 
Found. ** 63.90, 10.09, 3.91, 1.73 

XII. v-a-(Dimyristoyl) Lecithin—Over-all yield, based on L-a,6-dimy- 
ristin, 32.6 per cent. The crude lecithin was already sufficiently pure 
for most purposes. For analysis it was recrystallized by warming its 
suspension in diisobutyl ketone (20 ml. per gm.) to 80° (water bath tem- 
perature), centrifuging the solution while still hot, placing the decanted 
supernatant solution in a water bath at 50°, and allowing the lecithin 
solution to attain room temperature gradually. The lecithin was col- 
lected with suction on a Biichner funnel, washed with a small portion of 
diisobutyl ketone, and freed from solvent by being kept for several days 
in a high vacuum (0.01 mm.) over paraffin shavings until constant weight 
was reached; recovery 90 per cent.‘ The dimyristoyl lecithin started to 

‘ It is advisable to avoid the recrystallization of the lecithins at higher tempera- 
tures. It has been observed recently that lecithins which were recrystallized from 
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sinter at approximately 90-95° and on further heating shrank to a trans- 
lucent mass which melted suddenly with the formation of a meniscus at 
238-239°° (5) (rate of heating 20° per minute up to 210°; from there on 
10° per minute). Alternatively, if the capillary was immersed in a pre- 
heated bath of 200° and the temperature from there on was raised at the 
rate of 3° per minute, the lecithin melted with meniscus formation from 
226-227° (5). [a], = —7.1°¢ in methanol-chloroform (1:1) (c, 6 per cent). 
Both solvents were anhydrous. 


CysH1O,NP (695.94). Calculated. C 62.12, H 10.72, N 2.01, P 4.45 
Found. ** 62.29, 10.82, 2.00, 4.60 


Slide Flocculation Tests with Both Enantiomers of a-(Dimyristoyl) Lecithin 


By R. H. ALLEN anv D. B. Tonks 


(From the Laboratory of Hygiene, Department of National Health and Welfare, 
Ottawa, Canada) 


Parallel tests with synthetic L-a-(dimyristoyl) lecithin and p-a-(dimy- 
ristoyl) lecithin were carried out. In previous work with L-a-(dimyristoyl) 
lecithin it was found that an antigen of the following composition has an 
activity close to that of the standard V. D. R. L. antigen: cardiolipin 
0.03 per cent, synthetic lecithin 0.30 per cent, cholesterol 0.9 per cent. 

The antigen stock solutions were prepared by mixing the given amounts 
of the following alcohol solutions (absolute ethyl alcohol was used); 
cardiolipin (3.21 mg. per ml.) 0.234 ml., lecithin (15 mg. per ml.) 0.500 
ml., cholesterol (15 mg. per ml.) 1.500 ml., with sufficient alcohol to make 
2.5 ml. 

The antigen suspensions were prepared from these stock solutions as 
directed for the V. D. R. L. test and were used } hour after preparation. 
The tests were carried out on several days with negative, weakly positive, 
and strongly positive sera. The same results were obtained with both 
antigens in 71 cases. The L form was more reactive than the p form in 
eleven cases, and similarly the p form was more reactive than the L form 
in eight cases. 

The synthetic lecithin antigens gave slightly larger particles with nega- 
tive sera than are usually obtained with the V. D. R. L. antigen, the p 
form giving slightly better negatives than the L form. Therefore, in this 
respect the V. D. R. L. antigen is better than the synthetic antigens tested. 


diisobutyl ketone at approximately 80° decompose more readily, as evidenced by the 
liberation of trimethylamine, than lecithins reprecipitated from chloroform with 
acetone at room temperature. 

‘ Short stem thermometers with a range of 50° were used. 

* Average of readings by three observers. | 
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With positive sera the synthetic lecithin antigens gave very similar re. 
sults. The clumping found with them was different in appearance from 
that obtained with the V. D. R. L. antigen. With strongly positive sera 
the latter gave large black clumps, while the synthetic lecithin antigens 
gave smaller clumps but many more of them. The difference makes com- 
parative reading difficult, but does not detract from the usefulness of the 
latter antigens. The results with the synthetic lecithin antigens were 
often easier to read, since there was a more gradual increase in size from 
negatives to strong positives and less background material (particles not 
clumped) was present. 

To summarize, it can be definitely stated that the pb-a-(dimyristoy]) 
lecithin has an activity which is very close to that of its L isomer, and that 
antigens can be prepared from both which parallel quite closely results 
obtained with V. D. R. L. antigen. 

No attempts were made to prepare antigens of different composition 
in order to find one having a sensitivity equal to that of the V. D. R. L. 
antigen, since this would have required considerably more work, time, 
and material. 


SUMMARY 


1. The synthesis of p-a-(dimyristoyl) lecithin, the first lecithin of the 
D series to become known, is described. 

2. Its serological activity as an antigen component in conjunction with 
cardiolipin in the serodiagnosis of syphilis (V. D. R. L. slide flocculation 
test) was investigated and was found to resemble closely that of the i 
isomer. 

3. The fact that the serological reaction is not specific with regard to 
the optical configuration of the lecithin should make it possible to use the 
more readily accessible synthetic pi-a-lecithins as substitutes for the beef 
heart lecithin in the serodiagnosis of syphilis. 


The author wishes to express his sincere gratitude to Dr. R. H. Allen 
and Dr. D. B. Tonks for the serological investigation of the p-a-(dimy- 
ristoyl) lecithin. 
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VITAMIN D AND URINARY pH* 


By HARRY STEENBOCK, STUART A. BELLIN, anp WALTER G. WIEST 


(From the Department of Biochemistry, College of Agriculture, 
University of Wisconsin, Madison, Wisconsin) 


(Received for publication, July 27, 1951) 


The reduction in fecal pH when rachitic rats are given vitamin D, first 
reported by Zucker and Matzner (1), created a great deal of interest. 
Not only were attempts made to use it for the quantitative determination 
of vitamin D (2, 3) but also for explaining the mechanism of its action. 
After various reports on the change in reaction of the feces, some investi- 
gators turned their attention to the intestinal contents. Abrahamson 
and Miller (4) found a lower pH in the contents of the stomach and in 
both halves of the small intestine when adult rats on the Sherman-Pap- 
penheimer diet for 7 weeks were given a dietary supplement of 5 per cent 
cod liver oil. Yoder (5), with adult rats in negative calcium balance on 
Ration 2965, found that the pH of the contents of the duodenum, ileum, 
and cecum, as well as of the feces, was lowered when cod liver oil was 
given. Oser (6) found no change in rachitic young rats on Ration 2965 
for the upper ileum, but a decrease in pH for the lower part of the tract 
with a maximum change for the cecum. Jones (7) reported no effect of 
vitamin D on the contents of the small intestine, but a decrease for the 
cecum and the colon. All in all, the data gave little indication of meeting 
the two stated objectives. As a basis for a vitamin D assay technique, 
the change in pH of the feces was found to be neither prompt, constant, 
sensitive, nor specific (3). As a basis for a clue to the mechanism of the 
action of vitamin D, attempts to increase the acidity of the tract by the 
administration of acids did not always improve calcification (7). In addi- 
tion, phosphates which healed rachitic lesions were reported to have no 
effect on intestinal pH (7). However, the most effective argument against 
the acidity theory was the observation that the change in pH was prima- 
rily evident in the cecum and colon, while it is the small intestine which 
is primarily accredited with the function of absorbing calcium and phos- 
phorus. 

Recently, in connection with studies of the effect of vitamin D on re- 
actions other than calcification, we had occasion to determine its effect 

* Published with the approval of the Director of the Wisconsin Agricultural Ex- 
periment Station, Madison. We are indebted to Miss Faith Schwantes for ana- 
lytical assistance and to the Wisconsin Alumni Research Foundation for funds which 
made this research possible. 
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on urinary pH. The results of these experiments led us to reexamine its 
effect on the pH of the contents of the digestive tract. 


EXPERIMENTAL 


The pH was determined as follows: The rats were killed by nembutal 
injection. The gastrointestinal tract was ligated into six sections com. 
prising, respectively, the stomach, three sections of equal length of the 
small intestine, the cecum, and the colon. The contents of the stomach, 
cecum, and colon were pressed out separately into three small vials. The 
segments of the small intestine were filled with 0.9 per cent saline with 
the aid of a hypodermic syringe and the mixed contents were then emptied 
into similar vials. The contents of all vials, after thorough maceration 
when necessary, were then made up to 10 ml. volume with saline, and the 
pH was determined promptly with a glass electrode. The contents were 
found to be so well buffered that within the limitation of the required 
dilution there resulted practically no change in pH. 

Urinary pH was determined on freshly collected samples with a micro- 
glass electrode. In one series, comprising nine separate trials with three 
to twelve rats in each, the collections were made on the 9th day of rachito- 
genesis. This was followed with collections on the 12th day; that is, 3 
days after vitamin D had been given. In another series, in two separate 
experiments with rations containing 0.8 and 1.2 per cent calcium respec- 
tively, pH determinations were made at 3 day intervals, from the 6th to 
the 24th day. One-half of the rats were given vitamin D and the others 
were kept as controls. 

In preparation for these experiments, young rats (50 to 60 gm.), as 
obtained from breeders, were fed either Ration 2965 of the usual com- 
position, viz. yellow corn 76, wheat gluten 20, CaCO; 3, NaCl 1, or a 
basal semisynthetic ration patterned after a ration used previously (8, 9). 
This latter was composed of glucose 67, cooked egg white 18, cottonseed 
oil 10, roughage (Ruffex) 3, a Ca- and P-free salt mixture 2, and supple- 
ments of a vitamin mixture. The Ca- and P-free salt mixture had the 
following relative composition: KCl 57.7, NaCl 20.9, MgSO, 17.9, MnS0O, 
0.04, CuSO,-5H,O 0.078, K alum 0.018, NaF 0.113, FeSO,-7H,O 3.22, 
Na;AsO,-12H,0 0.0014, CoCl.-6H,O 0.004, and KI 0.01. The vitamin 
mixture added per kilo of ration, as expressed in mg., was composed as 
follows: thiamine hydrochloride 4, riboflavin 5, pyridoxine 5, calcium 
pantothenate 28, nicotinamide 10, p-aminobenzoic acid 200, inositol 200, 
choline hydrochloride 500. Each rat, in addition, was given a supple- 
ment of 70 y of 8-carotene, 105 y of 2-methyl-1,4-naphthoquinone, and 
875 y of a-tocopherol in cottonseed oil three times weekly. Vitamin D was 
provided as required in the form of crystalline irradiated ergosterol in 
cottonseed oil solution, as indicated later. 
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Calcium carbonate was added to the basal semisynthetic ration at levels 
of 1.09 per cent and 0.54 per cent in Rations 23 and 23A respectively at 
the expense of glucose. CaSO, was used as the source of Ca instead of 
the carbonate in Rations 23B, 23E, 23F, and 23G, respectively. NH,Cl 
was incorporated, in addition to the sulfate, at levels of 0.26, 0.53, and 
1.07 per cent respectively in Rations E, F, and G. The rats on Ration 
2965 developed severe rickets in 18 to 21 days. On Ration 23, and on its 
modifications, serum inorganic phosphorus was reduced to 2 to 3 mg. per 
cent and bone ash to 35 per cent. The metaphysis of these rats at 9 days 
corresponded in width to those taken from rats on Ration 2965 at 18 to 
21 days. 


Resulls 


In general, the data of others on the effect of vitamin D on the pH of 
intestinal contents, obtained with rats which were less severely rachitic 
than ours and which received smaller doses of vitamin D, were confirmed 
(Table I). Vitamin D definitely increased the acidity of the contents of 
the cecum and the colon. For the small intestine the change in pH was 
limited. While an increase was observed consistently with Ration 23 
throughout the length of the small intestine, with Ration 2965 there re- 
sulted no increase in acidity except possibly for the ileum. This difference 
in the results on the two rations may have had its origin in the greater 
severity of rickets induced by Ration 23, or in the lesser buffer potenti- 
alities of this ration attributable to both its lower CaCO; content and its 
intrinsic deficiency in phosphorus. 

The changes in urinary pH, when the diet of rachitic rats was supple- 
mented with vitamin D, and the differences from control rats, when nor- 
mal weanling rats were given vitamin D from the beginning of the 
experiment, are shown respectively in Tables II and III in their entirety 
without selection. It will be noticed that the effect on the pH of the urines 
was the opposite of that observed for the digestive tract; the pH was in- 
creased instead of decreased. Furthermore, it is evident that the increase 
occurred with Rations 23A and 2965, both of which contained an excess 
of base, as well as with Rations 23B to 23G, which were deficient in base 
and even acidic, metabolically, due to additions of NH,Cl. Apparently 
this shift in the reaction of the urine to the alkaline side, as induced by 
vitamin D, is not a temporary reaction (Table III). That it is rather ir- 
regular, quantitatively, should perhaps be expected because of the avail- 
ability of carbonic, citric (10, 11), and other acids for the neutralization of 
excess of base. 

As already indicated, we made some measurements of the gastric con- 
tents but such observations were entirely limited to ten rats, as our in- 
terest at the time was focused on the intestine. All of the rats were on 
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I 
Vitamin D and pH of Intestinal Contents 
Ne. Small intestine Days 
of Cecum Colon vita- 
rats min 
First 3rd | Second 3rd | Third 3rd D 
Ration 2965; 21 days 
No vitamin | 8 | 6.35 6.58 7.02 8.10 7.82 

D (5.85-6.72)| (6.21-7.10)| (6. 15-7 .72)) (7 .85-8.29)) (7.50-8.20) 
+ vitamin D; | 5 | 6.38 6.37 6.81 7.22 7.14 3-10 

1 i.u. (6.09-6.60) (5.76-6.77)/| (6.51-6.91)!(6.71-8.00)| (6.60-7 .55) 
+ vitamin D; 7 | 6.52 6.42 6.92 7.31 7.03 3-7 

100-150 i.u. (6.38-6.76) 87-6 .70)) (5.79-7 .30)| (7.02-7.70)| (6.81-7.44) 
+vitaminD; 8 | 6.56 6.63 6.87 6.93 6.69 10 

1000 i.u. (6.24-7.00) (6. .11-6.90)| (6. 50-7 .36)| (6.65-7 .50)/ (6.40-7.01) 

Ration 23; 20 days 
No vitamin | 4 | 6.49 6.44 6.58 8.01 8.10 

D (6.30-6.72)| (6.31-6.50)| (6.46-6.90)| (7 .60-8 .20)| (7.72-8.40) 
+ vitamin D; | 5 | 6.35 6.20 6.26 7.39 7.40 50 
200 i.u. (6.21-6.50)) (5.55-6.42)) (5. 89-6. 46)| (7 .30-7 .46)) (7. 22-7 .60) hrs. 


The figures in parentheses give the range in individual values. Vitamin D was 
given in one dose. The amount is expressed in units per gm. of body weight. 


II 
Effect of Vitamin D on Urinary pH with Change to Vitamin Supplement 


Experiment) No. of rats | Ration No. | Before vitamin D, 6th-9th day | After vitamin D, 9th-12th day 
11 4 2965 6.12 (5.61-6.99) 7.24 (6.09-8.05) 
7 4 23A 7.72 (7.58-7.95) 8.02 (7.93-8.06) 
12 12 2A 6.96 (5.08-7.98) 7.45 (6.10-8.04) 
25 12 23A 6.42 (5.31-8.00) 6.96 (5.54-8.96) 
27 4 23A 7.14 (6.31-7.55) 8.01 (7.71-8.24) 
13 3 23B 6.29 (5.68-7.29) 7.70 (6.96-8 .33) 
16 3 23E 5.79 (5.54-6.02) 7.97 (7.50-8.39) 
17 3 23F 5.80 (5.79-5.83) 7.58 (6.98-7.82) 
21 12 23F 5.77 (5.32-6.46) 6.15 (5.49-7.30) 
18 3 | 23G | 5.81 (5.62-6.05) 6.18 (6.05-6.36) 


Rations B, E, F, and G contained 0.10 per cent Ca as CaSO,. The others had 
CaCO, as their source of Ca (1.20 per cent Ca for Ration 2965, and 0.21 per cent for 
Ration 23A). Rations E, F, and G, respectively, were supplemented with 0.26, 
0.53, and 1.07 per cent of NH,CIl. 
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Ration 2965. Those not receiving vitamin D gave values ranging from 
4.1 to 5.7. Those which had received 1000 i.u. gave values ranging from 
5.4 to 6.3. These indicate merely the general range in pH on this ration 
and probably are of no further significance, especially as Ration 2965 is 
strongly buffered by its calcium carbonate content. When this ration 
was fed without its carbonate ingredient for a few days, the gastric pH 
was promptly reduced to values ranging from 3.1 to 3.8. No observations 
on the effect of vitamin D on this ration were taken. However, it appears 
that the effect of vitamin D on gastric acidity merits further study. 


TaBLeE III 
_ Continued Effect of Vitamin D on Urinary pH 
Experiment S-1 | Experiment 22 
Period Ration 231, 0.8 per cent Ca | Ration 23H, 1.2 per cent Ca 
| Plus vitamin D Minus vitamin D Plus vitamin D Minus vitamin D 
6-9 (6.40-7.91)| 7.00 (5.99-7.92) 7.13 (5.76-7.74)| 6.51 (5.47-8.04) 
-12 (6.18-8.64)| 6.50 (5.83-7.33) 7.90 (7.43-8.27)| 6.93 (5.53-7.92) 
12-15 | 7.40 (6.64-7.82)| 6.53 (5.43-8.34) 7.60 (6.00-8.23) 7.79 (7.37-8.13) 
15-18 | 7.05 (6.06-8.01)) 6.78 (5.79-7.76) 7.57 (6.15-8. 06) 7.54 (5.70-8.03) 
18-21 | 7.16 (5.71-7.98)| 6.17 (5.55-7.94) 6.71 (6.13-7.44) 6.22 (5.70-7.22) 
21-24 | 7.84 va 37-8.10)} 6.39 (5.78-6.88) 7.70 (6.61-8. 28) 6.17 (5.47-7.41) 
Average 7.35 6.56 6.86 
Increase. 0.79 0.58 


‘Six rats in each group. 75 i.u. of vitamin D given every 3rd day. The two ra- 
tions were identical except for the amount of CaCQ;. 


Abrahamson and Miller (4) in eight adult rats on the Sherman-Pappen- 
heimer diet for 7 weeks reduced gastric pH from a range of 3.8 to 4.0 to 
3.0 to 3.4 with a supplement of cod liver oil in 2 weeks. 


DISCUSSION 


In our opinion, the tendency to dismiss the change in fecal pH and the 
pH of intestinal contents, as an index of no moment in connection with 
the activity of vitamin D, is not warranted. The issue has been greatly 
confused by failure to recognize the fact that, in the first place, some of 
the antirachitic agents, for example irradiated foods, used as a source of 
vitamin D were unavoidably very low in activity, no matter how much 
they were irradiated. In the second place Ration 2965, which was used 
by most of the investigators, is not the best ration for studying the effect 
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of vitamin D because the absorption of most of its phosphorus is con- 
ditioned by the hydrolysis of its phytic acid. This hydrolysis in the 
absence of vitamin D is virtually prevented by the inhibitory effect of 
ionic calcium. Just how vitamin D counteracts this is not known. 
Dickens (12) and Harrison and Harrison (13) found very little citric acid 
in the intestine. Furthermore, perhaps too great a change in the pH was 
expected. Adequate recognition was not given to the fact that the rat 
can get along fairly well without vitamin D when both calcium and phos- 
phorus are present in the ration in favorable amounts and proportions, 
and in such form, as is the case with phosphorus, that its absorption will 
not be prevented by ionic calcium. The balance in its requirements is a 
very delicate one indeed. Certainly it cannot be conceded that phosphate 
supplements should reduce intestinal pH in view of their healing effect 
on low phosphorus rickets if a reduction in intestinal pH is important in 
antirachitic action. Nor can it be admitted that failure of a decrease in 
intestinal pH to induce a cure of rickets on a low phosphorus ration con- 
stitutes a valid argument against the importance of fecal pH (7). In 
the former case the phosphorus met a direct need and was easily absorbed 
in the range of pH prevailing in the intestine, whether vitamin D was 
present or not. In the latter case the intake of phosphorus was too low 
for prompt reparation of the rachitic lesion, no matter how favorable the 
intestinal reaction was made. Such healing as did occur with vitamin D 
was due largely to intraskeletal redistribution, not to the exclusion, of 
course, of ionic exchange with other tissues. 

To our mind, it is entirely possible that the change in the pH of the 
intestine and urine is an important factor in antirachitic action. Whether 
or not vitamin D produces a similar pH gradient in local areas, as for 
example when calcium is being deposited in the proliferating zone of car- 
tilage while it is being absorbed in the diaphyseal portion of the bone, 
remains to be seen. Certainly the réle of differences in pH should not 
be minimized when consideration is given to the possibility that calcifi- 
cation may represent a deposition of calcium by absorption in the lattice 
framework of cartilage or even more specifically in chondroitin sulfate. 
If such local changes are induced by vitamin D, it might throw light on 
calcification induced by hypervitaminosis D and the metastatic calcif- 
cation of idiopathic designation as well. In these situations in which the 
nature of the matrix probably is a primary factor, the changes in pH can- 
not be, and need not necessarily be, large. They are subject, of course, 
to the mass buffering action of carbonates, citrates, and other metabolites, 
some of which form calcium complexes of unpredictable degrees of dis- 
sociation. 

In its immediate effect, the concurrence in the change in pH of the 
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intestine and urine reminds us of the alkaline tide of gastric secretion. 
In that, as is well known, a postprandial alkalinity of the urine is pro- 
duced concomitantly with the secretion of acid gastric juice. In the 
vitamin D relations, it, however, remains to be established whether there 
is any increase in acid secretion in the stomach or a decrease in bicarbonate 
secretion in the intestine. It indeed is not excluded that vitamin D, in 
increasing the absorption of calcium, depletes the intestine of base. The 
reduction of pH in the intestine by vitamin D would then be a secondary 
result of its primary action. The necessity for further investigation is 
clearly indicated. 


SUMMARY 


Vitamin D was found to increase the pH of the urine of rats made ra- 
chitic on two rations, viz. Ration 2965 in which an adequate amount of 
phosphorus is made relatively unavailable by an excess of calcium, and a 
semisynthetic ration intrinsically deficient in phosphorus and metabolically 
acidic or basic in character. This change was observed in rachitic rats 
when their rachitogenic diet was supplemented with vitamin D and in 
rats which were given vitamin D from weaning, as compared with control 
rats which received only the rachitogenic ration. 

Concurrently with this change in urinary pH, the intestinal pH was 
found to be reduced. Confirming the observation of others, this change 
was most pronounced in the colon and cecum or ileum, with definite evi- 
dence of a reduction in parts of the small intestine more proximal to the 
stomach, when not obscured by a high carbonate content of the ration. 
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THE SYNTHESIS OF CREATINE BY PREPARATIONS OF LIVER 
FROM EMBRYOS AND ADULTS OF VARIOUS SPECIES* 


By STANLEY COHEN 
WitTH THE TECHNICAL ASSISTANCE OF PHYLLIS BUCKLEY 


(From the Department of Pediatrics, University of Colorado School of 
Medicine, Denver, Colorado) 


(Received for publication, July 2, 1951) 
Creatine represents approximately 40 per cent of the total urinary: cre- 


_ atinine of young full term infants, but is either absent, or present in small 


amounts, in the urine of premature infants (1-3). Furthermore, the cre- 
atinine coefficients of both premature and full term infants are lower than 
those of children and adults (4). One possible explanation of these phe- 
nomena in the premature infant is a lower functional level of the enzyme 
systems necessary for the synthesis of creatine. As a step toward the 
possible elucidation of this question, we have examined preparations of 
liver from adult and embryonic members of various species with respect 
to their ability to synthesize creatine from guanidoacetic acid and L-methi- 
onine. 

Borsook and Dubnoff (5, 6) reported that liver slices from the cat, dog, 
guinea pig, frog, pigeon, rabbit, and rat were able to form creatine from 
guanidoacetic acid and methionine. Homogenates of the liver of the 
guinea pig were also able to perform this synthesis in the presence of 
adenosinetriphosphate (ATP) (7). Rat liver homogenates were much less 
effective. Sourkes (8) reported that homogenates of beef liver were ca- 
pable of synthesizing creatine from pai-methionine and guanidoacetic acid 
at a rate considerably in excess of that noted by Borsook and Dubnoff in 
the guinea pig. 

EXPERIMENTAL 


An.mals—Swine, sheep, and beef livers were obtained from a local 
slaughter-house. The rats were bred from the Wistar Institute strain; the 
hamsters and chickens were of the Syrian and Rhode Island red strains, 
respectively. The guinea pigs and rabbits were obtained commercially. 
The laboratory animals were fed commercial diets. | 

Methods—The livers from swine, sheep, and beef were stored on ice and 


* This investigation was supported by a research grant from the National Cancer 
Institute, National Institutes of Health, United States Public Health Service. 

A preliminary report was presented at the meeting of the Federation of American 
Societies for Experimental Biology at Atlantic City, April, 1950 (Federation Proc., 
9, 161 (1950)). 
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852 CREATINE SYNTHESIS BY LIVER 
used within 90 minutes following the death of the animals. The othe 
animals were killed by stunning, and the liver tissue was used immediately, 

Liver homogenates were prepared by means of the apparatus of Potter 
and Elvehjem (9). Unless otherwise noted, the liver was homogenized in 
a volume of cold buffer solution (Cohen and Hayano (10), pH 7.4) equal 
to from 2 to 4 times the weight of the tissue. Slices of the liver were 
prepared with the Stadie tissue slicer. The preparation of the media and 
the incubation were carried out according to the directions of Borsook and 
Dubnoff (7). 

At the end of an experimental run, | ml. of tungstic acid was added to 
each flask, and the protein was removed by centrifugation. The tungstic 
acid was prepared from % N sulfuric acid and 10 per cent sodium tungstate 
in proportions such that the final pH of the incubation mixture was 2.6 to 
2.8. The supernatant fluid was then autoclaved and analyzed for creati- 
nine by the adsorption procedure of Borsook and Dubnoff (7). All ex- 
periments were run in duplicate or triplicate. Creatine standards were 
carried through all the procedures. 

Preparations Used—Guanidoacetic acid and a-ketomethiolbutyric acid 
were synthesized by the procedures of Wheeler and Merriam (11) and 
Cahill and Rudolph (12), respectively. pi-Methionine, Lt-methionine, 
methionine, and ATP were commercial products. 

Comparison of Creatine Formation by Homogenates of Livers of Various 
Species—The results obtained from the survey of creatine formation by 
homogenates of the liver from animals of a number of species are shown 
in Table I. The creatine formed represents the difference between (a) the 
total color developed with alkaline picrate in the complete system and 
(b) the total color developed in a duplicate experiment without L-methio- 
nine. The values thus are corrected for the creatine initially present in 
the tissue and for the color developed from guanidoacetic acid. It can 
be seen that only in the liver of the guinea pig is any considerable amount 
of creatine synthesized. 

The chromogen produced in the experiments with homogenates of the 


liver of the guinea pig was identified as creatine on the basis of the follow-| 


ing criteria. No chromogen was produced when either guanidoacetic acid 
or L-methionine was omitted from the reaction mixture. The chromogen 
appeared only after it was autoclaved (to convert creatine to creatinine), 
and it was adsorbed on Lloyd’s reagent. The chromogen, after elution 
from Lloyd’s reagent by dilute alkali, was destroyed in the enzymatic 
procedure for the analysis of creatinine (13) and migrated at the same rate 
as creatinine in the paper chromatographic procedure of Ames and Risley 
(14). 

Comparison of Creatine Formation by Homogenates of Livers of Adult ani 
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Embryonic Guinea Pigs—Since appreciable amounts of creatine were syn- 
thesized by homogenates of the livers of only the guinea pig under our 
experimental conditions, we used this species to compare the ability of 
the livers of adult and embryonic animals to synthesize creatine. 
Preliminary experiments showed that the synthesis of creatine was ap- 
proximately proportional to the amount of tissue added, but only between 
the limits of 5 to 20 mg., dry weight, of tissue per ml. of final medium. The 
assays were run at two different tissue concentrations (approximately 8 
and 16 mg. of tissue per ml. of medium) and the results were averaged. 
The data are summarized in Fig. 1. In the experiments in which both 


TaBLe I 
Creatine Formation by Liver Homogenates of Various Species 

The final concentration of guanidoacetic acid was 10-* m; of Lt-methionine, 10-? 
u; and of ATP, 10°? mw. All solutions were prepared in the buffer of Cohen and 
Hayano. Incubation time, 1 hour; temperature, 38°; pH, 7.4; tissue concentra- 
tion, 65 to 80 mg. per flask (dry weight); final volume, 4 ml.; under oxygen. Each 
experiment represents an observation on a single animal. The values in paren- 
theses indicate the range of the results obtained. 


| 


Animal No. of experiments Creatine formed per 1) mg. 
Beef. . 5 0.4 (0.0-0.8) 
Chicken 3 0.0 (0.0-0.0) 
3 0.3 (0.1-0.6) 
the adult and fetal tissues were analyzed, the adult is the female parent 


of the indicated embryos. The weights are given for the embryos only 
and are the average weights of each litter. The livers of the embryos of 
each litter were pooled. The birth weights of the guinea pigs were quite 
variable; therefore, only the ages are indicated in the experiments with 
new-born guinea pigs. © 

The results show that the rate of creatine synthesis in homogenates of 
the livers of fetuses was much lower than the rate of synthesis in those of 
adult animals. The rate of synthesis increased rapidly to adult levels 
after birth. 

Comparison of Creatine Formation by Slices of Livers of Adult and Embry- 
onic Guinea Pigs and Rabbits—The possibility remained that the methyla- 
tion of guanidoacetic acid could be accomplished by the intact cells of the 
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liver of the embryonic guinea pig. Therefore, slices of liver from embry. 
onic and adult guinea pigs were compared with respect to their ability to 
synthesize creatine. The results are shown in Table II. No significant 
difference could be detected between the abilities of slices of liver from 
adult and embryonic animals to synthesize creatine. Similar results were 
obtained with slices of liver from the rabbit. In two experiments with 
rats, slices of the liver from embryos were less effective than adult liver 
slices. However, it is difficult to draw any conclusions from these latter 


2 
+ 
+ 


Y CREATINE SYNTHESIZED / |IOMG 
TISSUE (ORY WT.) /HR 


2 


"20 40 60 80 6 2 18 24 30 
WT. OF EMBRYOS (GM) AGE OF GUINEA PIGS (DAYS) 


Fic. 1. Creatine formation by homogenates of the liver from fetal and adult 
guinea pigs and from guinea pigs of stated postnatal age. The concentrations of 
substrates and conditions of incubation are indicated in Table I; other data are 
given in the text. © and + indicate homogenates prepared from the livers of em- 
bryos and of the corresponding female parent, respectively. When more than one 
experiment was run in a given postnatal age group, the number of experiments is 
indicated above the bar; the bar indicates the range of the results obtained; the 
average is noted by @. 


experiments, since the liver slices from embryonic rats were extremely 
fragile and disintegrated during the incubation period. 

“Creatine’”’ Formation by Homogenates of Livers of Beef—We have re- 
peated the work of Sourkes (8), using his procedures, and have confirmed 
his results. However, when L-methionine was substituted for the pt- 
methionine employed by Sourkes, we did not detect any synthesis of 
creatine. pD-Methionine, alone, when incubated with beef liver homoge- 
nates formed a substance resembling that of creatinine (Table III). Sim 
lar results were obtained with the livers of rats and hamsters. This 
chromogen produced a color with the alkaline picrate reagent even before 
the solution was autoclaved, and the chromogen was not adsorbed by 
Lloyd’s reagent. 
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The chromogen was identified as a-ketomethiolbutyric acid on the basis 
of the following criteria. The quantity of keto groups formed (as mea- 


II 
Creatine Formation by Slices of Liver from Fetal and Adult Guinea Pigs and 
Rabbits 

Liver slices (approximately 200 mg., wet weight, per flask) from guinea pigs 
were used in Experiments | to 8; liver slices from rabbits were used in Experiments 
9and 10. The final concentration of guanidoacetic acid was 10-* m, and of L-me- 
thionine 10-? m. All solutions were prepared in the buffer of Cohen and Hayano. 
Incubation time, 4 hours; temperature, 38°; pH, 7.4; final volume, 2 ml.; under 
oxygen. The figures in parentheses represent the number of embryos in the litter; 
the average weight of the litter is given in the third column. 


Experiment No. Animal Weight of animal | 
With guanidoacetic With guanideacetic 
acid L-methionine 
| om. 

1 Adult 860 3.1 6.8 
Embryo (5) | 20 2.4 6.6 

2 Adult | $20 1.7 : 6.5 
Embryo (3) | 30 4.2 | 7.9 

3 Adult | 930 0.9 | 8.2 
Embryo (3) 53 2.5 | 10.4 

4 Adult | 990 2.2 11.8 
Embryo (3) 55 | 3.2 | 10.3 

5 Adult 7.0 
Embryo (3) | 56 | 1.5 6.7 

Ross Adult | 820 1.3 8.1 
Embryo (3) ) 68 1.9 12.8 

34 Adult 765 2.5 11.3 
| Embryo (2) 100 0.2 10.9 

8 1 day old | 102 3.2 7.6 
9 Adult «3060 0.5 8.1 
Embryo (5) 23 1.2 7.6 

10 Adult 3250 0.4 5.0 
Embryo (6) 24 1.3 4.3 


* The values reported for creatine represent the differences between the chro- 
mogenic material formed in the experimental flask set up as indicated above and 
the chromogenic material formed in a blank, prepared in an identical manner ex- 
cept for the addition of tungstic acid before the incubation procedure was started. 
The values are also corrected for any increase in chromogenic material produced 
by incubating tissue in the absence of any substrate. 


sured by the procedure of Friedemann and Haugen (15)) during the incu- 
bation of beef liver homogenates with p- and pi-methionine paralleled 
the intensity of the color developed with an alkaline picrate solution. 
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The increase in the quantity of keto groups present when L-methionine 
was used as the substrate was very slight and did not affect the determi. 
nation of creatine. 

After the incubation of beef liver homogenates with pL-methionine, a 
2 ,4-dinitrophenylhydrazone was isolated from the mixture which, after 
repeated recrystallizations, had a melting point of 147—-148°. The melt. 
ing point of the 2,4-dinitrophenylhydrazone derivative of a-ketomethiol- 
butyrie acid has been reported as 149° (16). 

The barium salt of a-ketomethiolbutyric acid was synthesized and was 


found to react with alkaline picrate solutions, producing a color which 


would be determined as creatinine. 


TaB_e III 
Chromogen Formation by Liver Homogenates of Beef 
Beef liver was homogenized according to the directions of Sourkes. The final 


concentration of guanidoacetic acid (GA) was of pi-methionine, 5 X 10° | 


mM; of p- and L-methionine, 2.5 X 10°? mM; of ATP, 10-3 M; and of phosphate buffer, 
0.025 m. Incubation time, | hour; temperature, 38°; pH, 7.4; final volume, 4 ml.; 
under oxygen. ‘‘Creatine’’ was determined as noted in the experimental section, 
with the omission, however, of the Lloyd’s reagent. 


Substrate “Creatine” formed per 10 mg 
| 
pi-Methionine + ATP.......... | 14 
0 
15 


DISCUSSION 


Our studies of liver slices from the guinea pig indicate that, as far back 
into embryonic existence as we have studied, the system for the methyla- 
tion of guanidoacetic acid is as active in the embryo as it is in the adult 
guinea pig. Similar results were obtained for the rabbit. This procedure, 
therefore, cannot be used to elucidate the mechanism responsible for the 
diminished creatinuria of premature infants. The results indicate, how- 
ever, that the liver of the guinea pig embryo can synthesize creatine; the 
creatine in embryonic muscle may thus be synthesized by the embryo. 
Whether some comes from placental transmission is not known. 

We have as yet no explanation for the inability of liver homogenates of 


embryonic guinea pigs to methylate guanidoacetic acid. A similarly de-— 


pressed rate of methylation is found after homogenization of the liver of 


the adult rat and rabbit, although the mechanism may differ. Homogen- | 
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jzed preparations of the liver (adult) of the chicken, swine, sheep, beef, 
and hamster also showed no appreciable ability to synthesize creatine. 
Purification of the enzyme system of the guinea pig may yield answers to 
these questions. In preliminary experiments' we have noted that the 
enzyme is not associated with the particulate material in the liver cell, 
since almost all the activity is present in the supernatant fluid after high 
speed centrifugation. Magnesium ions are required for the activity of 
the enzyme. 

Thus, of the species tested, homogenates of the liver of only the guinea 
pig were capable of synthesizing creatine from guanidoacetic acid, L-methio- 


nine, and ATP at an appreciable rate. The marked synthesis of creatine 


which has been reported from homogenates of beef liver has been found 
to be an artifact, resulting from the formation of a-ketomethiolbutyric 

Since many, if not all, a-keto acids may be capable of simulating crea- 
tinine when the latter is determined by a direct application of the standard 
alkaline picrate method, it is important to use the adsorption procedure 
of Borsook and Dubnoff (7) or L-amino acids in place of the racemic mixture. 


SUMMARY 


1. The synthesis of creatine by liver preparations from embryos and 
adults of various species was studied. 

2. Of the species tested (guinea pig, beef, hamster, chicken, sheep, swine, 
and rabbit), homogenates of the liver of only the guinea pig were capable 
of synthesizing creatine from guanidoacetic acid, L-methionine, and ATP 
at an appreciable rate. Homogenates of the liver of the rat showed a 
slight activity. 

3. Homogenates of the livers of embryonic guinea pigs were much less 
active in the synthesis of creatine than were homogenates prepared from 
the livers of adult guinea pigs. 

4. Slices prepared from the livers of adult and embryonic guinea pigs 
were equally effective in the synthesis of creatine. Similar results were 
obtained with rabbits. 

5. Much, if not all, of the “creatine” which has been reported to be 
synthesized by homogenates of the livers of beef from guanidoacetic acid 
and pL-methionine has been shown to be an artifact which is due to the 
oxidation of p-methionine to the corresponding a-keto acid. 
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EFFECT OF INSULIN HYPOGLYCEMIA ON ALIMENTARY 
HYPERGLYCEMIA* 


By MICHAEL SOMOGYI 
(From the Laboratory of the Jewish Hospital of St. Louis, St. Louis, Missouri) 


(Received for publication, June 16, 1951) 


Insulin action is generally associated with an acceleration of glucose 
assimilation. If, for instance, a healthy person in the postabsorptive state 
is given glucose and simultaneously receives a small intravenous dose 
(from 3 to 5 units) of insulin, the resulting blood sugar time curve (glucose 
tolerance curve) is much flatter than one obtained upon feeding the same 
amount of glucose but without the injection of insulin. Another notable 
change produced by insulin action after glucose feeding occurs in the 
arteriovenous differences of blood sugar: injected insulin increases the ar- 
teriovenous differences, a change which reflects an increase in the rate of 
peripheral (extrahepatic) glucose assimilation. 

In the present report it will be shown that an entirely different picture 
unfolds itself when the injection of insulin precedes the administration of 
glucose by from 40 to 50 minutes, so that hypoglycemia can develop during 
this interval. Under this condition alimentary hyperglycemia rises to 
much higher levels and the arteriovenous differences become smaller than 
without insulin injection; that is, insulin injection entails a depression in 
the rate of glucose assimilation and causes deterioration of the glucose 
tolerance. Hyperglycemia can rise under this condition to such high levels 
as to produce glycosuria, a transient state of diabetes in healthy men. 
In diabetic persons this process manifests itself in pronounced exacerbation 
of the hyperglycemia and glycosuria, and often gives rise to ketonuria. 

The experiments which revealed this paradoxical insulin effect were 
prompted by previous observations which demonstrated the fact that 
insulin hypoglycemia excites the adrenal-pituitary system to an increased 
secretion of hormones (1-4) which elevate the glycemic level and thereby 
inhibit, and even may completely counteract, insulin action (4, 5). To 
determine to what extent hypoglycemia can interfere with the action of 
insulin upon alimentary hyperglycemia, we carried out experiments in 
which insulin was injected in order to produce hypoglycemia and mobilize 
the insulin-antagonistic system a short time before the administration of 
glucose. The results were compared with those obtained when an iden- 
tical dose of insulin was injected simultaneously with glucose feeding, as 
well as with the effect of glucose feeding alone. 


* This work was aided by the David May-Florence G. May Fund. 
859 


860 INSULIN HYPOGLYCEMIA 


Procedure 


From previous studies it was known that the hypoglycemia must be 
maintained about as low as 60 mg. per cent in order to excite adrenal- 
pituitary activity to a substantial extent, so that its insulin-antagonistic 
effects would be unequivocally manifested in changes of the glycemic levels 
and arteriovenous differences (4). The minimum, or near minimum, in- 
sulin dose was used to produce the required degree of hypoglycemia; this 
was important, since large, grossly unphysiological doses, such as are fre- 
quently employed in experimental studies, may obliterate the action of 
moderate amounts of insulin-antagonistic factors. We have known that 
from 3 to 6 units, injected intravenously, suffice to produce the desired 
degree of hypoglycemia in healthy young men weighing from 65 to 80 
kilos (2). In these experiments 4, occasionally 5, units of insulin were 
employed. Finally, we had to choose the proper time interval between 
insulin injection and glucose feeding. According to previous work (2, 4), 
4 or 5 units of insulin produce the lowest glycemic level within 20 or 30 
minutes after intravenous injection. At this point the blood sugar rises 
sharply and in about the next 60 minutes returns to near the initial fasting 
level. The course of the blood sugar curve represents at any given instant 
the balance between the action of insulin in one direction and the action 
of its antagonists in the opposite. Thus it is evident that at the start of 
the upswing of the curve the balance tips in favor of the blood sugar- 
raising factors, and that their action becomes actually greater than insulin 
action, despite the fact that the greater part of the injected insulin is still 
present in active form. The rising leg of the curve is, as a rule, steepest 
between the 30th and 40th minute after injection, indicating that the 
action of the insulin antagonists at that time exceeds the action of the 
available insulin. In the light of this information, we have employed in 
these experiments an interval of from 40 to 50 minutes between the in- 
jection of insulin and the oral administration of glucose. 

Healthy young men served as subjects, as best suited for a study of 
this kind. Blood sugar was determined in capillary and venous blood 
samples drawn simultaneously by procedures previously described (5), 
which permit the estimation of arteriovenous differences with sufficient 


accuracy. 
Effect of Insulin Hypoglycemia on Glucose Tolerance of Healthy Men 


Seven subjects were used in these experiments, undergoing two glucose 
tolerance tests within 1 week, during which they lived on a fairly uniform 
diet. In the first test they were given 50, 75, or 100 gm. of glucose; in 
the second test insulin was injected from 30 to 50 minutes before the ad- 
ministration of an identical amount of glucose. Blood sugar was deter- 
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mined in venous and arterial (capillary) blood samples, in most instances 
at 30 minute intervals. 

An example of the results is graphically presented in Fig. 1. The curves 
represent two glucose tolerance tests (venous blood sugar) on a young man 
(G. C.), after oral administration of 100 gm. of glucose. The first test, 
a conventional tolerance test, yielded a typically normal curve (Curve I), 


BLOOD SUGAR, MG.% 


TIME - HOURS - 


Fig. 1 Fig. 2 


Fic. 1. Glucose tolerance curves showing a paradoxical action of insulin in a 
healthy man. Curve I was obtained after the oral administration of 100 gm. of 
glucose. Curve II is the result of a second test, in which 4 units of insulin were 
injected intravenously 45 minutes before glucose feeding. The intervening hypo- 
glycemic interval caused deterioration of glucose tolerance. 

Fic. 2. Glucose tolerance curves showing normal insulin action in a healthy man. 
Curve I is the result of a conventional tolerance test after ingestion of 50 gm. of 
glucose. Curve II represents a test in which 4 units of insulin were injected simul- 
taneously with the ingestion of 50 gm. of glucose. Insulin virtually suppressed 
alimentary hyperglycemia. 


characterized, first, by a hyperglycemic peak lower than 150 mg. per cent 
and, second, by the decline of the blood sugar during the second half hour 
period. In the second test 4 units of insulin were injected intravenously, 
45 minutes before ingestion of the glucose. The resulting tolerance curve 
(Curve II) was vastly different. The initial blood sugar at the moment 
of glucose feeding showed a near recovery from the insulin hypoglycemia, 
but it was still somewhat lower than the normal fasting level. Regardless 
of this lower initial level, however, alimentary hyperglycemia had risen 
much higher than without the injection of insulin: 204 mg. per cent in the 
venous (229 mg. per cent in the arterial) blood. As further signs of greatly 
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impaired glucose tolerance, the decline started only during the 2nd hour 
after glucose feeding, instead of the half hour interval, and considerable 
hyperglycemia still persisted at the end of the 2nd hour. There was also 
glycosuria; the urine excreted during the 2 hours contained 0.5 per cent 
glucose. This tolerance test presented an unequivocal picture of a mild 
state of diabetes. 

It is obvious from the course of Curve II that the action of the insulin- 
antagonistic (blood sugar-raising) hormones greatly outstripped the com- 
bined action of the injected plus the endogenous insulin, which undoubtedly 
was secreted at an increased rate under the stimulus of the protracted 
hyperglycemic period. In the course of 1 hour following glucose feeding, 
the overactivity of the adrenal-pituitary system subsided and the excess 
of the insulin-antagonistic hormones which they put into circulation was, 
as we have shown (4), to a great extent dissipated. In consequence, the 
increased insulin supply elicited by the hyperglycemia could act without 
inhibition, as reflected in a rather sharp fall of the glycemic level. 

A diametrically opposite effect is obtained when insulin is injected si- 
multaneously with glucose feeding (6), a condition permitting the insulin 
to act without the interference of hypoglycemia. Fig. 2 illustrates the 
latter response. As may be seen, in this instance the injected insulin was 
sufficient to suppress alimentary hyperglycemia almost completely. 

The fundamental significance of this difference between the action of 
identical doses of insulin is further illustrated by an experiment in which 
the subject (L. S.) had undergone three tests, as shown in Fig. 3. Follow- 
ing the administration of 100 gm. of glucose, the glucose tolerance of the 
subject was normal (Curve I). The effect of 5 units of insulin injected 
simultaneously with the ingestion of glucose is shown in Curve II. As 
may be noted, the insulin completely suppressed alimentary hyperglycemia 
and even produced hypoglycemia, evidently because the intestinal absorp- 
tion rate of glucose could not cope with the highly increased rate of assimi- 
lation. But when the injection of 5 units of insulin preceded the ingestion 
of glucose by 40 minutes, the blood sugar-raising factors, mobilized by 
the intervening hypoglycemic interval, caused a substantial deterioration 
of the glucose tolerance (Curve III). 

As has been pointed out in our previous papers (2, 4), changes in the 
glycemic level are interpreted as the expression of dynamic, shifting bal- 
ances between the action of insulin and its antagonists. Thus Curve II 
in Fig. 1 and Curve III in Fig. 3 reflect a condition in which the balance 
was shifted in favor of the insulin-antagonistic hormones. Fig. 4 illus- 
trates the sensitivity of this balance. In a previous study (4) we showed 
that by the time the blood sugar returns to or near its normal postab- 
sorptive level after an injection of insulin the insulin-antagonistic response, 
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elicited by hypoglycemia, has almost subsided. In the experiment pre- 
sented in Fig. 4 glucose feeding was delayed by 60, instead of 40, min- 
utes after the injection of 4 units of insulin. During this prolonged 
interval the blood sugar had returned to its normal level, allowing the 
insulin-antagonistic forces to weaken. As a consequence, as shown in 


Fic. 3 Fia. 4 

Fic. 3. Glucose tolerance curves obtained on a healthy man after oral administra- 
tion of 100 gm. of glucose in each instance. Curve I is the result of the conventional 
test. Curve II shows increased glucose tolerance when 5 units were injected simul- 
taneously with glucose feeding. Curve III shows deterioration of glucose tolerance 
when the same dose of insulin was injected 40 minutes before glucose feeding and 
thus was allowed to produce hypoglycemia. 

Fic. 4. Glucose tolerance curves showing the rapid dynamic shift between insulin 
and its antagonists. Curve I represents a conventional tolerance test with 100 gm. 
of glucose. Curve II, 4 units of insulin injected 60 minutes before glucose feeding. 
During this prolonged interval the blood sugar returned to its normal level, allowing 
much of the insulin-antagonistic activity to subside; thus little diabetogenic action 
was exerted. ! 


Curve II, alimentary hyperglycemia in this test did not rise higher than in 
the conventional tolerance test represented by Curve I. That portion of 
the injected insulin which was still circulating in active form at the mo- 
ment of glucose feeding evidently sufficed virtually to cancel the excess of 
insulin-antagonistic factors which were still present. Equally instructive 
were the results of other experiments in which the interval between insulin 
injection and glucose feeding was shortened to 20 or 30 minutes. Under 
this condition the diabetogenic effect of hypoglycemia could be detected 
only on close analysis of the results. It was slight because the short hypo- 
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864 INSULIN HYPOGLYCEMIA 
glycemic interval did not allow enough time for the excitation and increased | ©® 
secretory activity of the adrenal-pituitary system, so that its influence | th 
pe: 
TaBLe I th 
.. Effect of Short Hypoglycemic Interval before Glucose Feeding ia tol 
Blood sugar* Rise above initial level th 
gm. No insulin | MA ose aed No insulin | 4 units insulin . 
. t | 
hrs. | mg. per cent | mg. per cent mg. per cent | mg. per cent or 
0 | 90 | 42 | 
203 | 166 124 
1 | 170 | 167 | 80 125 it 
2 : 63 | 83 | —27 | +41 m 
* Determined in capillary (finger) blood. re 
TaBLe II ev 
Showing Impairment of Glucose Tolerance As Sequel to Insulin Hypoglycemia 
| 
| Blood sugar* Rise above initial level 
| | No insulin | With insulint in | 4 uni in 
ith insulint No insulin units insulin 
gm. | hrs. mg. percent mg. per cent | mg. per cent | mg. per cent If 
G.1. 100 85 | th 
0.8 120 80 tk 
| 179 6 105 sc 
111 125 gl 
| 3 96 105 ll 31 It 
M. B. 78 62 
| 0.6 90 157 12 95 PI 
. | 1 110 174 32 112 Ww 
15 96 18 34 
2 71 70 —7 +8 
M. 5. | 75 | 0 97 65 } 
| 0.6 161 170 64 105 
| 1 192 | 152 
68 100 n 
M.Sc. | 100 0 93 64 
0.5 170 140 77 76 t] 
| 1 | 18% 204 91 140 
1.5 1388 162 45 98 
2 8 63 d 
* Determined in capillary (finger) blood. . 
t Each of these subjects was given 4 units of insulin intravenously 40 minutes ” 
before glucose feeding. 
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could be nearly balanced by the injected insulin. This is illustrated by 
the data of Table I, from which it may be seen that the hyperglycemic 
peak after glucose feeding was lower after insulin hypoglycemia than in 
the plain tolerance test. Yet the effect of the insulin-antagonistic fac- 
tors, elicited by hypoglycemia, is still manifest in the greater span between 
the initial glycemic level and the hyperglycemic peak, and is even more 
clearly in evidence at the 1 and 2 hour intervals after glucose feeding. 

It is obvious that, owing to these highly dynamic and delicate shifts in 
the quantitative relationship between the active insulin supply and its 
opposing endocrine factors, the diabetogenic sequel of insulin hypogly- 
cemia may easily elude observation. Only awareness of this fact makes 
it possible to demonstrate this reaction unequivocally, as in the experi- 
ments presented in Figs. 1 and 3. In view of the practical significance 
of this phenomenon in its bearing on insulin therapy, in Table II we have 
recorded four more illustrative experiments. It may be noted that in 
every one of these subjects insulin hypoglycemia caused a distinct impair- 
ment of glucose tolerance, as reflected in the higher hyperglycemic peaks 
and in the pronounced rise of the peaks above the initial glycemic levels. 

The foregoing experiments, then, demonstrate the fact that injection of 
insulin can exert two diametrically opposite effects on glucose assimilation. 
If the insulin is injected simultaneously with the administration of glucose, 
the rate of assimilation is substantially enhanced. This is in line with 
the generally recognized action of insulin. If, however, insulin is injected 
some time before glucose feeding, and thus is allowed to produce a hypo- 
glycemic interval, it seriously depresses the rate of glucose assimilation. 
It impairs glucose tolerance because hypoglycemia excites the adrenal- 
pituitary system to increased activity, enhancing the secretion of hormones, 
which act in a direction diametrically opposite to insulin action. 

Effect of Insulin Hypoglycemia on Glucose Tolerance of Diabetic Persons 


The diabetogenic effect of insulin hypoglycemia prevails in the diabetie 
just as in the healthy person. But while the physiological reaction in the 
two is qualitatively the same, it is of a much higher order of magnitude in 
the diabetic. This great quantitative difference makes the phenomenon 
more readily observable in diabetic than in normal persons. 

That glucose tolerance is more severely impaired by hypoglycemia in 
the diabetic than in the normal person is evidently due to the fact that 
in the diabetic state insulin action, not necessarily the supply (2), is already 
deficient, relative to the action of the blood sugar-raising adrenal-pituitary 
factors; hence, when the latter are excited by hypoglycemia, their increased 
activity proceeds against less resistance, with a greater momentum than 
in the healthy person. 7 
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Discussion of the bearing of this fact on the practice of insulin therapy 
is outside the scope of this report. We have dealt with this aspect of the 
problem in preliminary reports elsewhere (7-9). Here we wish to present 
only a single example of experiments on diabetic persons, in order to char- 
acterize their response to insulin hypoglycemia. The subject in this ex- 
periment was a 55 year-old man, diabetic for 6 years. His treatment was 
based on the therapeutic effect of a dietary regimen consisting of 100 to 
120 gm. of protein, 280 to 300 gm. of carbohydrate, and 60 to 80 gm. of 
fat (a lipotropic diet). On this regimen his condition improved consist- 
ently; he conducted a perfectly normal healthy life (he is a manual worker) 
and had been completely aglycosuric during the 11 months directly pre- 
ceding this experiment. 

In this experiment we followed the same procedure as in those on healthy 
subjects. The first test was a conventional glucose tolerance test, with 
oral administration of 100 gm. of glucose. 1 week after this, 3 units of 
insulin were injected intravenously, simultaneously with glucose feeding. 
In a third similar test, 4 days after the second, the insulin dose was in- 
creased to 5 units. In a fourth test insulin hypoglycemia preceded glucose 
feeding. The results of the first three tests are given in Fig. 5. Curve I, 
the glucose tolerance test, reflects a full-fledged diabetic state, with a ve- 
nous hyperglycemic peak of 416 mg. per cent 2 hours after glucose feeding. 
Curve II shows the influence of the small dose of 3 units of insulin; it is 
most conspicuous during the 1st and 2nd hours after the ingestion of glu- 
cose, at the end of which intervals the sugar in the venous blood had risen 
to only 153 and 228 mg. per cent, as against 337 and 416 mg. per cent, 
respectively, in the test without insulin. 

The remarkable efficiency of insulin action is emphatically shown by 
the fact that 3 units accelerated the rate of assimilation so vigorously that 
the rate of intestinal absorption could not cope with it, with the conse- 
quence that the blood sugar was depressed below the fasting level and was 
held there for at least 1 hour after glucose feeding. Only when the in- 
sulin action had been gradually dissipated could the rate of intestinal ab- 
sorption outdistance the rate of assimilation and lead to alimentary hy- 
perglycemia. 

Test 3 (Curve III) again points to the great efficacy of insulin action. 
Compare Curves II and III and note how potently an increment of the 
insulin supply by a mere 2 units has accelerated glucose assimilation in a 
diabetic man, weighing 62 kilos. While 3 units kept blood sugar 1 and 2 
hours after glucose feeding at the levels of 134 and 153 mg. per cent, re- 
spectively, the addition of 2 units further depressed the corresponding 
glycemic levels to 95 and 94 mg. per cent. Such response to insulin is not 
exceptional; it was of the same order in all of our experiments on diabetic 
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subjects who had not been under the influence of endocrine and dietary 
insulin-antagonistic factors. 

In Test 4 the patient was injected with 7 units of insulin and was fed 
100 gm. of glucose 75 minutes after the injection. At this time the blood 
sugar had begun to rise from its low hypoglycemic level, indicating that 
the effect of the adrenal-pituitary hormones had outstripped the action of 
the injected insulin, of which about from 4 to 5 units were still in an 
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Fic. 5. Glucose tolerance curves showing normal insulin action in a diabetic man. 
In each test 100 gm. of glucose were given orally. Curve I was obtained in a con- 
ventional tolerance test, Curve II with 3 units, and Curve III with 5 units of intra- 
venous insulin injected simultaneously with glucose feeding. 

Fic. 6. Glucose tolerance tests in a diabetic man showing the diabetogenic effect 
of insulin hypoglycemia. In A, Curve I is the result of a test after the oral adminis- 
tration of 100 gm. of glucose; Curve II represents a test in which 7 units of insulin 
were injected 75 minutes before glucose feeding. B represents the same experi- 
ment in different terms (see the text). 


active form when the glucose was ingested. In Fig. 6, A, Curve I repre- 
sents the conventional glucose tolerance test, while Curve II shows the 
effect of insulin hypoglycemia that preceded glucose feeding. It may be 
noted that in the latter instance the hyperglycemic peak was distinctly 
higher than in the test without insulin injection, although the initial blood 
sugar level was much lower. In addition, hyperglycemia was more sus- 
tained and more persistent in the test after insulin injection than in the 
plain tolerance test. This difference can be better visualized in Fig. 6, B, 
where the rise of the blood sugar above the fasting level is presented in- 
stead of the actual glycemic levels. These curves show that in the con- 
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ventional tolerance test the blood sugar was 200 mg. per cent above the 
fasting level at the end of 3 hours, whereas under the influence of insulin 
hypoglycemia it rose by 370 mg. per cent above the base point. 


TaBLe III 


Showing Deterioration of Glucose Tolerance and Depression of Peripheral Glucose 
Assimilation As Aftermath of Insulin Hypoglycemia 


Glucose per 100 cc. 


| | 
| Arterial blood Venous blood 
100 gm. glucose by mouth, no insulin 
1 0 | 180.6 179.5 1.1 
30 | 261.1 | 253.8 7.3 
60 350.2 | 336.7 13.5 
120 | 443.3 | 416.3 27.0 
180 405.5 | 380.2 25.3 


100 gm. glucose by mouth, 3 units insulin intravenously simultaneously 


! 
2 | 0 191.7 189.0 | 2.7 
| 30 199.8 133.9 65.9 
| 60 199.5 153.1 46.4 
120 268.4 227.6 | 40.8 
180 329.4 314.8 | 14.6 


| 


100 gm. glucose by mouth, 5 units insulin intravenously simultaneously 


3 | 0 181.4 | 177.1 | 4.3 
30 159.6 95.3 | 64.3 
| 60 135.0 94.0 41.0 
| 120 209.0 | 184.4 24.6 
| 180 220.1 210.3 9.8 


4 (196.0) 
| (61.3) 
(-30) (85.4) 

67.2 10.3 

30 re 190.1 23.2 

o | 3841.6 317.5 24.1 

120 464.4 442.8 21.6 

180 445.2 439.0 6.2 


aes 2. 
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100 gm. glucose by mouth, 7 units insulin intravenously 75 min. earlier 
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The changes in the rate of glucose assimilation, demonstrated by these 
findings, involved changes in both the liver and the peripheral tissues. 
While we have no experimental approach at our disposal to demonstrate 
this process for the liver in the intact organism (3), changes in the rate of 
peripheral assimilation are clearly reflected by changes in arteriovenous 
differences. This is well illustrated by the data recorded in Table III. 
Comparison of the arteriovenous differences in Tests 2 and 3 with those 
in Test 1 shows that 5 units, and even as little as 3 units, of insulin more 
than doubled the rate of peripheral assimilation, raising it to a maximum 
of 65.9, as against 27 mg. per cent. Incidentally, it may be noted that 
3 units of insulin exerted a greater peripheral effect than 5 units. We 
have repeatedly described experiments (5, 6) confirming the known fact 
that higher levels of alimentary hyperglycemia entail higher arteriovenous 
differences; t.e., that hyperglycemia acts synergistically with insulin. This 
explains why 3 units of insulin increased the arteriovenous differences more 
than did 5 units. 

In Test 4, in which the adrenal-pituitary system was incited to increased 
activity during a hypoglycemic interval, insulin, on the whole, failed to 
increase the arteriovenous differences, as is evident when the results of 
Tests 1 and 4 are compared. This comparison also illustrates the great 
fluidity of the dynamic balance between insulin and its antagonists. It 
may be noted that the initial arteriovenous difference in Test 4, directly 
before glucose feeding, was 10.3 mg. per cent, a distinct increase over the 
normal fasting level. This increase indicates that at this point the action 
of insulin was somewhat greater than that of its antagonists; this still was 
the case 60 minutes following glucose feeding. From then on, however, 
during the next 2 hours, the arteriovenous differences narrowed down con- 
siderably, concurrently with very high hyperglycemic levels. This is a 
reversal of the normal relationship, as arteriovenous differences normally 
increase with increasing alimentary hyperglycemia. This reversal reflects 
the fact that, during the 2nd and 3rd hours in Test 4, the insulin-antago- 
nistic factors had outstripped the action of the injected insulin. The 
tipping of the balance in this direction was due to the gradual fading out 
of the injected insulin, on the one hand, and to the continued abnormal 
overactivity of the excited adrenal-pituitary system on the other. 

The excitation and overactivity of the insulin-antagonistic system is 
much greater in diabetic than in normal persons, both in intensity and in 
duration. In our healthy subjects normal blood sugar regulation (homeo- 
stasis) was restored within a few hours following a hypoglycemic state, 
and glucose tolerance became normal by the next day. Quite different 
was the response of this diabetic subject. A single hypoglycemic episode, 
produced in Test 4, engendered such a persistent overactivity in his insulin- 
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antagonistic system that he excreted 39 gm. of glucose from noon (the 
end of Test 4) till the next morning, on the same diet on which he had 
been aglycosuric during the preceding 11 months. Also, he remained gly- 
cosuric for nearly 5 weeks, even when he was given 5 units of insulin daily 
for 1 week and 3 units for a 2nd week. But his glycosuria has gradually 
diminished, presumably concurrently with the subsidence of the excited 
state of his insulin-antagonistic system. About 5 weeks later he had again 
become aglycosuric without insulin injections. 

A single hypoglycemic episode in this subject had not only increased 
alimentary hyperglycemia (and, in consequence, produced glycosuria), but 
also precipitated ketonuria during the first 2 days following Test 4. We 
have shown in previous studies that insulin hypoglycemia produces hyper- 
ketonemia (10, 11) in healthy individuals; hence the same reaction on a 
greatly increased scale was not unexpected. After the acute stage of the 
adrenal-pituitary excitation had been passed, ketonuria cleared up well 
before the glycosuric effect had subsided. 


SUMMARY 


Previous experiments of the author demonstrated the fact that the ac- 
tion of injected insulin, when it is allowed to produce hypoglycemia, is 
self-inhibiting, because hypoglycemia enhances the secretion of adrenal- 
pituitary hormones whose action is diametrically opposite to insulin. Ex- 
periments presented in this paper show that this paradoxical insulin action 
greatly increases alimentary hyperglycemia; 1.e., that it decreases glucose 
tolerance. When insulin is injected simultaneously with the adminis- 
tration of 100 gm. of glucose, it accelerates glucose assimilation to such 
an extent that alimentary hyperglycemia is completely suppressed. At 
the same time arteriovenous blood sugar differences increase as a result of 
insulin injection, reflecting an increase in the rate of peripheral glucose 
assimilation. 

If, however, the injection of insulin precedes the ingestion of glucose by 
a brief interval (in these experiments, from 40 to 50 minutes), the hypo- 
glycemia that develops during this interval excites the adrenal-pituitary 
system to increased activity. As a consequence, alimentary hyperglycemia 
is greatly increased and arteriovenous differences are depressed: marked 
deterioration of the glucose tolerance takes place. 

This diabetogenic effect of insulin hypoglycemia is so effective that it 
may produce glycosuria in healthy men. In diabetic persons it takes 
place on an exaggerated scale, manifesting itself in marked exacerbation 
of the diabetic state: an increase of the already prevalent hyperglycemia 
and the accompanying glycosuria and, in addition, ketogenesis. 
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THE METABOLISM OF PARENTERALLY ADMINISTERED 
AMINO ACIDS 


III. AMMONIA FORMATION 


By HENRY KAMIN* ann PHILIP HANDLER 


(From the Department of Biochemistry and Nutrition, Duke University School of 
Medicine, Durham, North Carolina) 


(Received for publication, June 21, 1951) 


Studies previously reported (1-3), involving the constant intravenous 
infusion of a number of amino acids, singly and in combination, have 
permitted the authors to obtain data concerning a number of physio- 
logical and biochemical phenomena associated with amino acid metabo- 
lism. The present report deals with the effect of amino acid infusion 
upon the renal excretion of ammonia. In this phase of metabolism, as 
in others previously reported, it has been found that the infusion of the 
dicarboxylic amino acids, glutamic and aspartic acids, and their amides, 
glutamine and asparagine, have yielded the data of greatest potential 
interest. 

Present concepts of the mechanism of ammonia formation by the kidney 
are based primarily upon two observations: those of Van Slyke and his 
associates (4), who found a renal arteriovenous drop in plasma glutamine 
and amino acid concentration associated with formation of ammonia by 
the kidney, and those of Lotspeich and Pitts (5), who found an increase 
in urinary ammonia excretion during the infusion of a number of amino 
acids to acidotic dogs. Thus, it is generally believed that, under conditions 
of acidosis, about two-thirds of urinary ammonia is derived from plasma 
glutamine and the other third from plasma amino acids. 


EXPERIMENTAL 


Female, mongrel dogs, maintained on a stock diet, and fasted for 18 to 
24 hours prior to experiment, were employed. The animals were those 
reported in previous publications from this laboratory, and the present 
data were obtained concomitantly in the course of the earlier experiments. 
The experimental and analytical techniques employed have been reported 
in detail (1-3). The dogs were maintained under light sodium pento- 
barbital anesthesia and urine samples were collected by means of an in- 
dwelling catheter. After a control period, during which the dogs received 
either no fluid or 0.5 per cent sodium chloride intravenously to induce 
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diuresis, the amino acid infusion was begun and maintained at a constant 
rate for several hours. The amino acids were administered at rates vary- 
ing from 0.5 to 4.0 mg. of N per kilo per minute in different experiments. 

Ammonia was determined by the Conway technique (6). When glu- 
tamine was infused, the urine ammonia N was corrected for the spon- 
taneous decomposition of urine glutamine in the course of the Conway 
analysis, which was found in separate experiments to be between 4 and 
6 per cent of the glutamine amide N present for a diffusion period of 
2} hours at room temperature. 

The experiments reported here varied in one particular from those of 
Lotspeich and Pitts (5). Whereas these workers rendered their animals 
acidotic prior to experiment by administration of ammonium chloride, this 
procedure was not routinely followed in the present studies. Rather, 
variations in the acid-base status of the experimental animals were pro- 
duced by the direct effect of the amino acid infusion itself, and this status 
varied with the nature of the amino acid infused, its rate of metabolism, 
and its degree of neutralization. These factors have been discussed pre- 
viously (2). In this manner ammonia formation as related to a number 
of physiological variables, such as plasma bicarbonate concentration, urine 
pH, and plasma amino acid concentration was studied. To have con- 
trolled, in an orderly fashion, all of these variables, for all of the amino 
acids infused, would have involved a prohibitive number of experiments; 
thus, the data are not altogether complete and, in many cases, are sugges- 
tive rather than conclusive. 


Results 


The data are presented in Table I. The rates of ammonia formation 
recorded were obtained after periods of 2 to 4 hours. It will be noted that 
all of the amino acids studied have been of the naturally occurring con- 
figuration; in addition, ammonia formation from piL-alanine has been stud- 
ied to provide comparison with the natural isomer. 

The variables which may conceivably affect ammonia excretion include 
the following: the nature of the amino acid infused, the concentration of 
that amino acid in plasma, urine pH, urine flow, plasma bicarbonate, 
and plasma pH. The latter was not measured, while variations in am- 
monia formation associated with variations in rate of urine flow were 
found to be insignificant compared with changes brought about by other 
variables. Within the limits of plasma amino acid concentration encoun- 
tered in this study, all considerably above the physiological range, small 
differences in concentration appeared to be of secondary importance; in 
several instances, the rate of ammonia formation could be correlated with 
plasma a-amino nitrogen, but the data are insufficient for proper evaluation. 
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stant The two factors which most affected ammonia formation were the nature 
vary-} of the amino acid infused and the plasma bicarbonate concentration. In 
ents. 

glu. Taste I 
a Effect of Amino Acid Infusion upon Ammonia Excretion 
Amino acid administered) Dog No. Plasma | Urine pH | Urine NHs-N 
xd of 
mg. per cent| per I. per hg. per min. 
Controls 19 dogs 0 20 6.84 4.14 
se of (14.7-25.0) | (6.3-7.8) | (2.0-6.9) 
imals } Enzymatic casein | 99-AGM 6.38 114 
’ this hydrolysate 203-AGM 6.78 110 
ther L-Glutamic acid 62-GLA 90 8.5 5.62 7.73 
, 63-GLA 67 11.6 5.63 12.1 
pro- 64-NaG 47 | 31.2 6.81 11.3 
tatus 61-NaG 31 31.7 7.50 13.9 
lism, 65-NaG 33 | 40.2 7.80 11.0 
pre-} 1-Aspartic acid 69-As 30 13.4 6.58 66 
mber 86-As 34 20.5 5.57 69 
. 70-NAs 42 21.0 7.19 20.9 
urine 71-NAs 56 54 7.82 7.3 
con- | .-Asparagine 72-APN 15.6 7.09 117 
mino 73-APN 19.6 7.28 60 
ents; | &-Glutamine 74-GAM 30 16.1 6.88 128 
75-GAM 60 17.9 6.90 183 
BB | Glycine 94-G 18.8 6.90 66 
93-G 28 24.1 7.30 57 
L-Alanine 85-AL 54 17.9 7.28 148 
pi-Alanine 200-AL 23 20.1 7.28 106 
ation 201-AL 23 | 21.9 7.47 47.0 
| that 202-AL 43 36.6 7.57 77 
L-Leucine 98-L 13 | 18.8 7.38 28.0 
.-Methionine 87-M 22 15.6 6.52 55 
stud- 88-M 30 | 18.8 6.84 43.0 
L-Cysteine 91-Cy 10.3 7.29 18.0 
clude 90-Cy 13.4 7.00 48.0 
on of L-Lysine 84-Ly 28 14.7 7.77 3.8 
83-Ly 24 17.4 7.77 2.0 
mate, | » Histidine 80-H 77 3.1 6.42 63 
| am- 81-H 66 4.9 6.30 121 
were 95-H 24 18.8 6.87 25.0 
other 96-H 22 | 21.9 7.12 35.0 
‘oun: L-Arginine 204-Ar 44 18.8 7.78 4.6 
l 82-Ar 150 47.0 7.84 4.3 
‘e; in 
with | Seneral, rates of ammonia formation were higher in dogs with low plasma 
:tion.| bicarbonate concentration. This relationship is most apparent in dogs 
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receiving L-aspartic acid, and a similar situation may obtain for L-histidine, 
It is important to note, however, that a low plasma bicarbonate concen- 
tration is not a prerequisite for high rates of ammonia formation. Thus, 
Dog 202-AL, receiving pL-alanine, excreted 77 y of ammonia N per kilo 
per minute in the presence of a plasma bicarbonate concentration of 37 
m.eq. per liter. It is also of interest that large quantities of ammonia 
can be excreted in the absence of an acid urine; thus, one of the highest 
rates of ammonia excretion was observed in Dog 85-AL receiving L-alanine, 
in urine of pH 7.28, while the highest ammonia excretion rate observed 
in the entire study was that of Dog 75-GAM, which excreted 183 ¥ of 
ammonia N per kilo per minute in urine of pH 6.9. 

The amino acids studied by Lotspeich and Pitts (5) were glycine, p1- 


TABLE II 
Influence of Sodium Administration upon Glutamic and Aspartic Acid Excretion 
Amino acid acid | of dogs acid encested 
mg. per cent per cent 
Glutamic 0.61 4 72 (56-90) 25 (17-33) 
0.76 3 47 (35-65) 55 (39-63) 
| 1.0-1.1 2 34 (32-35) 67 (63-70) 
Aspartic : 0.71 2 | 38 (38-38) 58 (51-65) 
0.77 1 34 
| 1.00 1 50 
| 1.79 | | | 53 


Amino acids infused for 4 hours at 0.1 m.eq. per kilo per minute. Sodium added 
as sodium bicarbonate. ' 


alanine, L-leucine, DL-aspartic acid, L-glutamic acid, L-lysine, and L-ar- 
ginine, as well as a casein hydrolysate. All of these amino acids (with the 
exception of pDL-aspartic acid, in place of which the natural isomer was 
used) have also been infused in the present study. The results, in general, 
were similar to those of Lotspeich and Pitts. In addition, the effect of 
infusion of L-glutamine, L-aspartic acid, L-alanine (as well as DL-alanine), 
L-asparagine, L-methionine, and L-cysteine has been studied. 

The present studies, which supplement those of Lotspeich and Pitts, 
permit a classification of amino acids according to their ability to produce 
ammonia formation. In view of the variation in plasma bicarbonate con- 
centration among the various animals, it is impossible to arrange these 
amino acids in definite order of potency. However, they may be arranged 
into groups. Thus, it is apparent that casein hydrolysate, glutamine, 
asparagine, L- and pL-alanine, and possibly histidine are among the most 
potent ammonia formers; aspartic acid, glycine, leucine, methionine, and 
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cysteine occupy an intermediate position. Glutamic acid, lysine, and ar- 
ginine appear to be completely devoid of activity. 

It should be noted that, in the course of administering glutamic and 
aspartic acids at varying degrees of neutralization, a relationship between 
the amount of sodium administered and of glutamic acid excreted was 
observed. Thus, when sodium was made available, more glutamic acid 
was excreted and less retained in plasma. This relationship is indicated 
in Table II. It can also be noted that this relationship does not hold 
for aspartic acid. ; 

The reason for this difference in behavior between glutamic and aspartic 
acids is not immediately apparent. However, it is possible that the 
permeability of kidney cells to sodium may be linked to glutamic acid 
metabolism in a manner analogous to the potassium-glutamic acid re- 
lationship observed in brain and retina (7). 


DISCUSSION 


There are significant qualitative differences between the ammonia-form- 
ing response of the kidney to ammonium chloride acidosis and to the 
infusion of amino acids. The infusion of amino acids causes ammonia 
formation even in the absence of acidosis, and the response is rapid. Am- 
monia formation resulting from the ingestion of ammonium chloride, on 
the other hand, is a delayed response, and requires a prolonged period of 
acidosis (8). Since profound acidosis resulting from the infusion of un- 
neutralized glutamic acid failed to elicit ammonia formation during the 
course of these experiments, it appears likely that the effects of this amino 
acid may be similar to those of ammonium chloride. The reason for this 
delayed (or absent) response is not apparent, since plasma already con- 
tains the known necessary precursors in approximately the same concen- 
trations as when the kidney ammonia-forming response is maximal (4, 5). 
These differences between the ammonia-forming response to ammonium 
chloride and to amino acid infusion suggest that different mechanisms 
may have been operating under each of these conditions. Were this so, 
it would be difficult to interpret the results of Lotspeich and Pitts, since 
both of these conditions were present in their experiments. In the pres- 
ent studies, the formation of ammonia during the infusion of amino acids 
cannot be unreservedly included in the evidence for the amino acid origin 
of a portion of the urinary ammonia in acidosis. The best evidence for 
this origin is still the renal arteriovenous difference in plasma amino acid 
concentration observed by Van Slyke et al. (4). 

Regardless of the relevance of data such as the present, and those of 
Lotspeich and Pitts, to mechanisms of ammonia formation in ammonium 
chloride acidosis, it remains of value to examine possible mechanisms 
whereby a-amino nitrogen could be converted to ammonia nitrogen by 
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the kidney. Lotspeich and Pitts have postulated, on the basis of the 
correlation within their series between ammonia-forming ability of the 
respective amino acid and its susceptibility to oxidative deamination by 
renal amino acid oxidases, that these oxidases are concerned in the living 
animal with the synthesis of ammonia by the kidney. The data obtained 
from the additional amino acids infused in the present study fail to extend 
the correlation upon which this hypothesis is based. 

Thus, L-aspartic acid, which is not deaminated by kidney L-amino acid 
oxidase (9), leads to the formation of considerable quantities of ammonia. 
Furthermore, L-alanine and t-histidine, upon which the action of L-amino 
acid oxidase is but minimal, are among the most potent ammonia formers 
studied. Moreover, attempts to correlate ammonia formation in the dog 
with specificity of L-amino acid oxidase are probably academic, since the 
dog was one of the species in which Blanchard et al. (9) were unable to 
demonstrate L-amino acid oxidase activity. Since the presence of as- 
paraginase in kidney has been both affirmed (10, 11) and denied (12), it is 
not possible to state whether there is a correlation between the high rate 
of ammonia formation from asparagine and the presence of a potent as- 
paraginase in kidney. 

The failure to correlate ammonia formation with susceptibility of the 
amino acid to deamination by known amino acid oxidases does not, of 
course, mean that amino acid oxidases are not involved in the formation 
of ammonia by the kidney. It may merely mean that the oxidases studied 
in vitro are not the ones actually operating in vivo. However, at the pres- 
ent time, it becomes increasingly difficult to conceive that an L-amino 
acid can be metabolized by first being oxidatively deaminated to the keto 
acid and ammonia either by a series of specific oxidases or by a single 
oxidase with varying specificity. The general picture of amino acid me- 
tabolism which appears to be developing is one which involves amino 
group (or ammonia) transfer rather than the formation of free ammonia 
as the first step in the intermediate metabolism of amino acids. In liver, 
this “transfer” concept is supported by the isotopic experiments of Hirs 
and Rittenberg (13) who demonstrated that a-amino nitrogen from several 
amino acids did not equilibrate with free ammonia during the process of 
urea synthesis. Similarly, Kamin and Handler (2) found that the in- 
fusion of a mixture of pL-amino acids (upon which p-amino acid oxidase 
may be expected to operate) led to the formation of free plasma ammonia, 
whereas the infusion of the natural forms failed to do so. 

In kidney, this problem is still obscure, and directly pertinent experi- 
mental data are lacking. However, the recent demonstration of the wide 
scope of activity of renal transaminases (14) suggests that transfer mech- 
anisms may also play a dominant réle in kidney. These transaminases 
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of themselves cannot account for ammonia formation in the kidney, since 
the end-product of their action is glutamic acid, which does not cause 
ammonia formation. It is possible, however, that these transaminases 
furnish the kidney with mechanisms which permit this organ to metabolize 
amino acids without the formation of ammonia. 

The formation of urinary ammonia from plasma glutamine is well es- 
tablished (4), and the high order of activity of kidney glutaminase pro- 
vides a rational mechanism for its formation. It would be of great 
interest to determine whether amino acids, in kidney, could transfer their 
a-amino N directly to form the amide group of glutamine. Should this 
process occur, this mechanism would provide a pathway whereby amino 
acids could yield ammonia via the same mechanism as plasma glutamine; 
under such conditions all rather than two-thirds of urinary ammonia 
would arise from glutamine. The data of Schoenheimer and his associ- 
ates (15), indicating a high rate of turnover of protein amide nitrogen 
upon the administration of isotopic amino acids, suggest that these mech- 
anisms may actually exist. 

Were this true, one could then picture the process of renal ammonia 
formation from amino acids as involving the channeling of a-amino nitro- 
gen into either of two alternative pathways: a “glutamine” pathway, 
causing the formation of ammonia, or (should the kidney require the 
carbon skeleton of the amino acid under circumstances in which ammonia 
formation is disadvantageous) into a “glutamic acid” pathway, preventing 
ammonia formation. Thus, the regulation of renal ammonia formation 
could occur at a single locus, perhaps by a pH-sensitive mechanism, direct 
or humoral, which would determine into which metabolic pathway the 
amino acid is to be directed. 

SUMMARY 


Dogs were infused at a constant rate with various amino acids, and 
ammonia excretion was measured at different concentrations of plasma 
bicarbonate. In certain cases, high rates of ammonia formation were 
observed in the absence of acidosis and in the presence of relatively high 
urine pH. The amino acids causing the highest rates of ammonia forma- 
tion were L-glutamine, L-asparagine, L- and pt-alanine, L-histidine, and 
casein hydrolysate; L-aspartic acid, glycine, L-leucine, L-methionine, and 


_ L-cysteine occupied an intermediate position. L-Glutamic acid, L-lysine, 


and L-arginine appeared to be completely devoid of activity. 

The rate of excretion of glutamic (but not aspartic) acid varied with 
the degree of neutralization of that amino acid. 

Implications of these findings upon theories of ammonia formation by 
the kidney are discussed. 
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NON-PROTEIN AMINO ACIDS IN MUSCLE AND BLOOD OF 
MARINE AND FRESH WATER CRUSTACEA 


By MERRILL N. CAMIEN,* H. SARLET, G. DUCHATEAU, anv M. FLORKIN 
(From the Laboratoires de Biochimie, Institut Léon Fredericq, Université de Liége, 
Litge, Belgium) 

(Received for publication, August 1, 1951) 


Muscle and other tissues of marine invertebrates are very dilute with 
respect to inorganic ions, but are nevertheless in osmotic equilibrium with 
the blood, in which ionic concentrations are nearly the same as in sea 
water (1). It has been postulated, therefore, that these tissues contain 
relatively high concentrations of small organic molecules (1), and it is of 
interest in this connection that considerable quantities of glycine (2) and 
taurine (3-5) have been found in tissues of various marine invertebrates. 
Fifteen amino acids have now been determined in muscle of both marine 
and fresh water Crustacea. 


EXPERIMENTAL 


Live North Sea lobsters (Homarus vulgaris) were obtained from local 
markets. Live spider crabs (Maia squinado)' were supplied by the Station 
Biologique de Roscoff (Faculté des Sciences de Paris). Chinese crabs 
(Eriocheir sinensis) and crayfish (Astacus fluviatilis) were taken from the 
fresh water aquarium of the Institut. The animals were allowed to bleed 
as rapidly and as completely as possible from an amputated anterior leg. 
Muscle samples (from abdomen of lobsters, abdomen, and large chela of 
crayfish, and legs and large chela of crabs) were rapidly isolated, weighed, 
and placed in boiling water for 5 minutes to inactivate proteolytic enzymes. 
They were then homogenized and treated with tungstic acid essentially 
according to the procedure of Schurr et al. (6). Serum samples were like- 
wise treated with tungstic acid, and all the protein-free samples, unless 
otherwise noted, were hydrolyzed by refluxing 24 hours with 6 Nn hydro- 
chloric acid before the amino acid determinations were made. 

Aspartic acid, arginine, glutamic acid, glycine, isoleucine, leucine, lysine, 
methionine, phenylalanine, and valine were determined essentially as de- 


* United States Fulbright Scholar. Present address, Department of Chemistry, 
University of California, Los Angeles. 

‘The samples of Maia were carried through the first stages of preparation at 
Roscoff, protected with toluene, and kept refrigerated until their arrival in the 
authors’ laboratories. The authors are indebted to Mr. C. Jeuniaux for the work 
done at Roscoff and for transporting the samples to Liége. 
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scribed by Dunn et al. (7). Tyrosine was determined by the same method 
as that employed for arginine, except that the tyrosine in the assay medium 
was replaced by arginine (final concentration, 19 mg. per cent). Alanine, 
histidine, proline, and threonine were determined essentially by the pro- 
cedures of Sauberlich and Baumann (8), Dunn et al. (9, 10), and Henderson 
and Snell (11), respectively. The reliability of these methods was con- 
trolled by determining the amino acids in a known mixture in each experi- 
ment, and, in general, recoveries of 100 + 5 per cent were obtained. 


DISCUSSION 


Tungstic acid was added to the samples in slight excess to insure com- 
plete precipitation of the proteins. This procedure seemed desirable since 
it had been established by Schurr et al. (6), and confirmed by experiments 
in this laboratory (unpublished), that such excesses of tungstate do not 
interfere with the microbiological assays. That significant amounts of 
protein or other non-dialyzable amino acid precursors did not remain in 
the samples was demonstrated by dialysis of a lobster muscle extract. 
The total weight of amino acids found in the dialysate was 96.8 per cent 
of that present before dialysis (Columns | and 2, Table I).? 

The protein-free samples were regularly hydrolyzed to avoid ambiguities 
resulting from the variable activities of “combined amino acids” which 
might otherwise be present. In lobster (other species were not tested) 
muscle extract, however, it appeared that, except for glutamic acid, aspar- 
tic acid, histidine, and tyrosine, free amino acids were predominantly 
present, since essentially the same values were found before and after 
hydrolysis (Columns 1 and 3, Table I). It may also be inferred from this 
observation that proteolysis was avoided prior to removal of the proteins 
from the samples, since proteolysis, especially in a short period of time, 
would be expected to yield peptides generally lower in activity® than free 
amino acids. That tyrosine may have been present in peptide combina- 
tion, however, was indicated by the higher value found for this amino 
acid before hydrolysis, since Dunn and McClure (12) have observed that 
peptides are generally more active for Lactobacillus casei, the tyrosine test 
organism, than are free amino acids. The lower values found for glutamic 
acid and aspartic acid before hydrolysis were as would be expected if these 
amino acids were present largely either as their amides‘ or as peptides. 


* Glycine appeared to be 13 per cent lower and tyrosine 13 per cent higher in the 
dialyzed sample. Since none of the other amino acid values differed by as much as 


10 per cent after dialysis, it seems likely that these variations originated in the | 


assays, and did not result from the dialysis. 

* The activity of partially hydrolyzed proteins in replacing free amino acids for 
Lactobacillus arabinosus, Lactobacillus fermenti, and Leuconostoc mesenteroides (rep- 
resentative assay organisms) is proportional to the degree of hydrolysis (12). 

‘ Glutamine itself is nearly as active as glutamic acid (13), but it is converted to 
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Taste I 
Non-Protein Amino Acids in Crustacean Muscle and Blood Serum 


a = 

| 3 

Amino acid In muscle 100 gm. of = = 
é, #2 In muscle per 100 gm. intracellular water? 

regular! Di, | Ut 

| @) | (3) | @ | @) (6) | 
mg. mg. mg. mg. | mg. mM | mM 
Glycine.......... 1025 | 892 1025 | 24 | 3.5 |20.1 (13.5-22.3) 4.8 8.9 5.2 
Proline.......... 728 | 707 | 728 | 6 | 0.9 10.6 (7.9-12.8)| 0.9 3.0 1.6 
Arginine......... 78 | $30 | 778 | 1.60.2) 6.4 (.2-7.2) 4.8 1.7 0.8 
Glutamic acid....| 267 | 267 | 44 | 3.50.5/3.4 (2.56.7) 2.9 3.5 3.5 
133 | 133 | 133 8.7/1.3 2.3 3.1)! 2.2 5.0 0.8 
Aspartic acid 12 | 13 | 4.6 7.01.0/0.2 ©.1-0.5) 0.3 06 0.8 
Lysine........... 23 | 2 | | 2.1/0.3/0.3 (0.1- 0.5) 0.1 0.3, 0.7 
Threonine. .. 8.6 8.1) 9.1) 0.0.0.0/ 0.1 (@.1- 0.3); 0.3, 0.3; 0.4 
22 | 22 | 21 | 0.00.0/0.3 @.1-0.7)| 0.3, 0.2) 0.3 
Isoleucine. .. 0.2 (0.1- 0.2) 0.2 0.1) 0.2 
Leucine... 93 89 8.9 4.20.6 0.1 ©.0-0.3)) 0.2 0.1) 0.3 
Histidine. 7.7, 8.3 9.7; 3.6 0.5/0.1 (.0-0.1)| 0.0 0.1) 0.3 
Methionine... ll | 12 | 12 | 0.0 0.0/0.1 (©.1- 0.2)! 0.2 0.1) 0.1 
Phenylalanine... 5.4 5.0) 5.2 0.20.0) 0.1 (0.00.1), 0.0 0.0 0.1 
Tyrosine......... | 1.6 1.8 11 | 3.30.5/ 0.0 (0.0- 0.0), 0.0 0.0 0.1 
ae 3031 .6 2933. 1/2813. 5 64.1) 9.3 44.2 | 29.9) 23.9) 15.2 


* Muscle pooled from eight animals was deproteinized as described in the text, 
and one aliquot of the filtrate was hydrolyzed according to the regular procedure. 
A second aliquot was subjected to dialysis through cellulose dialyzer tubing before 
hydrolysis, and a third aliquot was used untreated. 

t Blood serum was pooled from eight animals. Chloride was determined in the 
muscle and serum samples from each animal (serum chloride concentration was 
assumed to be the same as in sea water for Maia), and the extracellular water was 
calculated, assuming the intracellular chloride concentration to be negligible and 
the composition of the extracellular phase to be identical with that of the blood 
serum. 

t Muscles from twelve lobsters were used, and the average values are given with 
the ranges in parentheses. One spider crab, twelve Chinese crabs, and nine cray- 
fish were used, and the muscle samples were pooled for each species. Intracellular 
water = difference between total moisture and extracellular water (calculated as 
described above). The intracellular water, in gm. per 100 gm. of fresh muscle, 
averaged 61.6, 55.4, 67.1, and 69.4, respectively, for Homarus, Maia, Eriocheir, and 
Astacus. 
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The concentrations of amino acid in blood serum of Homarus (Column 
4, Table I), Eriocheir,5 and Astacus* were much lower than those in the 
muscle, and calculated values for extracellular amino acids in Homarus 
muscle (Column 5, Table I) were almost entirely negligible in comparison 
with the totals of extracellular and intracellular amino acids (Column 1, 
Table I). It may be inferred, therefore, that the non-protein amino acids 
in Crustacean muscle are essentially intracellular. 

Glycine, proline, arginine, glutamic acid, and alanine were the most 
abundant of the amino acids in Crustacean muscle, and their molar con- 
centrations (Columns 6 to 9, Table I) appeared to be sufficient to produce 
considerable osmotic pressure. The concentrations of total amino acids 
were greater in the marine species than in the fresh water forms, and it is 
of interest that these values were nearly equal to those for chloride in the 
blood serum of these species. Eriocheir should probably be grouped with 
the salt water organisms in this connection since it is euryhaline with an 
internal medium characteristically like that of a marine form, regardless 
of its external environment. That the amino acid concentrations in 
Homarus were considerably greater than those in Maia and Eriocheir 
seems to indicate that substances other than amino acids are less impor- 
tant for the regulation of osmotic pressure in the former than in the latter 
animals. The relatively low concentrations of amino acid in Astacus ap- 
pear to be in accord with the low osmotic pressure of its external environ- 
ment. It seems likely, therefore, that amino acids, particularly glycine, 
proline, arginine, glutamic acid, and alanine, may be important substances 
for the regulation of osmotic pressure in Crustacean muscles. Analogous 
studies of other marine and fresh water invertebrates are in progress. 


SUMMARY 


Fifteen amino acids were determined in deproteinized muscle and blood 
of Astacus fluviatilis, Eriocheir sinensis, Maia squinado, and Homarus vul- 
garis. High concentrations of amino acids, particularly glycine, proline, 
arginine, glutamic acid, and alanine, were found intracellularly in muscle, 
and these concentrations were higher in marine species than in fresh water 
forms. Only relatively low concentrations of amino acids were found in 
the blood. It was concluded that certain amino acids are probably im- 


inactive pyrrolidonecarboxylic acid when autoclaved, and asparagine is much less 
active than is aspartic acid (14). 
‘Serum amino acid concentration was too low to permit accurate determination 
with the available amount of sample. A serum sample from Maia was not obtained. 
* The millimoles of chloride per 100 gm. of serum were 45, 26, and 21, respectively, 
for Homarus, Eriocheir, and Astacus. The serum chloride concentration for Maia 
is assumed to be the same as in sea water (approximately the same as for Homarus). 
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portant substances for the regulation of osmotic pressure in Crustacean 
muscle. 
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325 
Chlorobium thiosuphatophilum: Succinic 
acid photosynthesis, Larsen 167 


Chlorophenyl-L-cysteine: p-, st*nthesis 


INDEX 


Chlorophenyl-.-cysteine—continued: 
in vitro and acetylation in rivo, 
West, Mathura, and Black, 133 
Cholesterol: Radioactive, synthesis in 
vitro, Brady, Rabinowitz, Van Baalen, 


and Gurin, 137 
Citric acid: Cycle, diabetes, Frohman, 
Orten, and Smith, S03 


—, tissue, determination, chromato- 

graphic, Frohman, Orten, and Smith, 

277 

Enzyme, crystallizing, condensing. 

Ochoa, Stern, and Schneider, 691 

Synthesis, enzymatic, Ochoa, Stern. 

and Schneider, 691 

Stern, Shapiro, Stadtman, and Ochoa, 

703 

Korkes, del Campillo, Gunsalus, and 

Ochoa, 721 

—, -, pyruvate as acetyl donor, 

Korkes, del Campillo, Gunsalus, and 

Ochoa, 721 

—, —, reversibility and mechanism, 

Stern, Shapiro, Stadtman, and Ochoa, 

703 

Coenzyme: A, concentrates, preparation 

and purification, Buyske, Handschu- 

macher, Higgins, King, Strong, Chel- 

delin, Teply, and Mueller, 307 

Corticosteroid(s): Adrenal, identifica- 

tion, chromatographic, Zaffaroni and 

Burton, 749 

Urine, determination, chromato- 

graphic, Burton, Zaffaroni, and 

Keutmann, 769 

Corticosterone: Desoxy-. See Desoxy- 

corticosterone 

Cortisone: Tryptophan metabolism, ef- 

fect, Porter, Stoerk, and Silber, 


193 
Creatine: Synthesis, liver, embryo and 
adult, Cohen, 851 


Crustacea: Muscle and blood, amino 
acids, non-protein, Camien, Sarlet, 
Duchdteau, and Florkin, SS1 

Cysteine: Chlorophenyl-L-. See Chlo- 
rophenyl-L-cysteine 

Cytochrome oxidase: Carbon monoxide, 
reaction, Ball, Strittmatter, and 
Cooper, 635 
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Dehydrogenase: Phosphogluconic acid. 
See Phosphogluconie acid dehydro- 
genase 

Xanthine. See Xanthine dehydro- 
genase 

Desoxycorticosterone: Glycogen, con- 
version, adrenal homogenates, Ha- 
yano, Dorfman, and Yamada, 175 

Desoxyribose nucleoside(s): Metabo- 
lism, Escherichia coli, Manson and 
Lampen, 539 

Diabetes: Alloxan, sorbitol and glucose 
metabolism, Stetten and Stetten, 


157 
Citrie acid cycle, Frohman, Orten, and 
Smith, 803 


Liver, acetate and formate, insulin 
effect, Felts, Chaikoff, and Osborn, 
557 
—, glucose metabolism block, Cher- 
nick, Chaikoff, and Abraham, 793 
—, pyruvate fate, insulin effect, Os- 
born, Chaikoff, and Felts, 549 
Diaminopurine riboside: 2,6-, phospho- 
rylation, enzymatic, Kornberg and 
Pricer, 481 
Diet: Tissue xanthine dehydrogenase, 
effect, Remy and Westerfeld, 659 


Egg albumin: Hydrolysis, peptic, Currie 
and Bull, 29 
Egg yolk: Protein fractionation, Young 
and Phinney, 73 
Electrolyte(s): Blood plasma and mus- 
cle, potassium effect, Muntwyler and 
Griffin, 563 
Embryo: Creatine synthesis, Cohen, 
851 
Enzyme(s) : Adenosine and 2,6-diamino- 
purine riboside phosphorylation, 
use, Kornberg and Pricer, 481 
Citric acid, crystallizing, condensing, 
Ochoa, Stern, and Schneider, 691 

— — synthesis, Ochoa, Stern, and 


Schneider, 691 
Stern, Shapiro, Stadtman, and Ochoa, 
703 


Enzyme(s)—continued: 
Korkes, del Campillo, Gunsalus, and 
Ochoa, 721 


Citric acid synthesis, reversibility and 
mechanism, Stern, Shapiro, Stadt- 
man, and Ochoa, 703 

6-Phosphogluconate conversion to 
ribulose and ribose, Horecker, Smyr- 
niotis, and Seegmiller, 383 

Proline resolution, Hamer and Green- 
slein, 81 

Riboflavin phosphorylation, Kearney 
and Englard, 821 

See also Cytochrome oxidase, Keto- 
glutaric oxidase, etc. 

Escherichia coli: Desoxyribose nucleo- 
side metabolism, Manson and 
Lampen, 539 

Ethane: Nitro-. See Nitroethane 


F 


Fat(s): Liver, vitamin Bis effect, Ben- 

nett, Joralemon, and Halpern, 285 

Fatty acid(s): Phospholipides, incorpo- 
ration from, Stevens and Chaikoff, 

465 

Radioactive, synthesis in vitro, Brady, 

Rabinowitz, Van Baalen, and Gurin, 


137 

—, — — —, hormone effect, Brady, 
Lukens, and Gurin, 459 
Fluoride: Metabolism, skeleton, Sav- 
chuck and Armstrong, 575 


Folic acid: Formate metabolism, rela- 
tion, Drysdale, Plaut, and Lardy, 


Formate(s): Liver, diabetes, insulin 
effect, Felts, Chaikoff, and Osborn, 

557 

Metabolism, folic acid, relation, Drys- 

dale, Plaut, and Lardy, 533 

Purines, incorporation from, Drysdale, 

Plaut, and Lardy, 533 


G 


Galactose: Glucose transformation 
from, biological, Topper and Stetten, 

149 

Germine: Isomeric forms, Jaffe and 
- Jacobs, 325 
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Gluconate: 6-Phospho-. See Phospho- 
gluconate 

Glucose: Carbon 14 uptake in vitro, 
brain amino acids, virus effect, 
Rafelson, Winzler, and Pearson, 


205 
- Galactose transformation to, biologi- 
cal, Topper and Stetten, 149 


Liver, diabetes, metabolism, block, 
Chernick, Chaikoff, and Abraham, 


793 

Metabolism, alloxan diabetes, Stetten 
and Sletten, 157 
Glutamic-oxalacetic transaminase: 


Fractionation and properties, Cam- 
marata and Cohen, 


Glutamine: Lactobacillus arabinosus 
growth, effect, Ayengar, Roberts, and 
Ramasarma, 781 

Glycerol-1-C'*; Metabolism, Doerschuk, 

39 


Glycogen: Material, desoxycorticoster- 
one conversion to, adrenal homogen- 
ates, Hayano, Dorfman, and Yamada, 


175 
Growth: Vitamin B,. effect, Bennett, 
Joralemon, and Halpern, 285 
Guanine: 8-Aza-. See Azaguanine 
H 
Hemoglobin: Haurowitz, 443 


Anhydro-. See Anhydrohemoglobin 
Oxy-. See Oxyhemoglobin 
Histidine: Requirements, Rose, Haines, 
and Warner, 605 
Hormone(s): Fatty acid, radioactive, 
synthesis in vitro, effect, Brady, 


Lukens, and Gurin, 459 
Hydroxyproline: Peptides, cleavage by 
prolinase, Neuman and Smith, 97 


—, synthesis, Neuman and Smith, 97 
Hyperglycemia: Alimentary, insulin hy- 
poglycemia effect, Somogyi, 859 
Hypoglycemia: Insulin, alimentary hy- 
perglycemia, effect, Somogyi, 859 


I 


Insulin: Acetate fate, liver, diabetes, 
effect, Felts, Chaikoff, and Osborn, 
557 


Insulin—continued: 
Hypoglycemia, alimentary hypergly- 
cemia, effect, Somogyi, 859 


Pyruvate fate, liver, diabetes, effect, 
Osborn, Chaikoff, and Felts, 549 
Isoleucine : Requirements, Rose, Haines, 


and Warner, 605 

K 
Ketoglutaric oxidase: a-, Sanadi and 
Littlefield, 683 

L 


Lactate: Succinate conversion from, Lee 
and Lifson, 253 
Lactobacillus arabinosus: Growth, glu- 
tamine effect, Ayengar, Roberts, and 


Ramasarma, 781 
Lactobacillus casei: Biotin synthesis, 
Andrews and Williams, 1] 
Lecithin: p-a-, synthesis, Baer and Mar- 
lin, 835 
—, syphilis serodiagnosis, réle, Baer 
and Martin, 835 
Leucine: Iso-. See Isoleucine 
Requirements, Rose, Warner, and 
Haines, 613 


Lipide(s): Liver, labeled phosphate, 
incorporation, Artom and Swanson, 
473 

Liver: Acetoacetate turnover in vitro, 
Weinhouse and Millington, l 
Creatine synthesis, embryo and adult, 
Cohen, 851 
Diabetes, acetate and formate, insu- 
lin effect, Felts, Chaikoff, and Osborn, 

557 

—, glucose metabolism block, Cher- 
nick, Chaikoff, and Abraham, 793 

—, pyruvate fate, insulin effect, Os- 
born, Chaikoff, and Felts, 5A9 
Fat, vitamin By, effect, Bennett, Jora- 
lemon, and Halpern, 285 
Lipides, labeled phosphate, incorpora- 
tion, Artom and Swanson, 473 
Lysine: Polypeptides, tobacco mosaic 
virus, combination, Burger and Stah- 
mann, 13 
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Malonate: Succinate conversion from, 
Lee and Lifson, 253 

Methylbutyric acid: a-, production by 
Ascaris lumbricoides, Bueding and 
Yale, 411 

Mold: See also Neuros 

Mosaic: Tobacco, virus, lysine polypep- 
tides, combination, Burger and Stah- 


mann, 13 
Muscle(s): Crustacea, non-protein 
amino acids, Camien, Sarlet, Du- 
chateau, and Florkin, 881 
Electrolytes, potassium effect, Munt- 
wyler and Griffin, 563 


Mycobacterium smegmatis: p-Amino- 
benzoic acid metabolism, Sloane, 


Crane, and Mayer, 453 

N 
Neurospora: Nitroethane oxidation, 
Little, 347 


Niacin: Pyridine nucleotide formation 
from, Feigelson, Williams, and Elve- 


hjem, 737 
Nicotinamide riboside: Phosphorolysis, 
Rowen and Kornberg, 497 


Nicotinic acid: Pyridine nucleotides, red 
blood cells, effect, Duncan and Sarett, 


317 
Nitroethane: Oxidation of Neurospora, 
Little, 347 


Nucleic acid: Metabolism, vitamin E 
relation, Young and Dinning, 743 

Nucleoside(s): Desoxyribose. See Des- 
oxyribose nucleoside 

Nucleotide: Pyridine. See Pyridine nu- 
cleotide 


Oxidase: Cytochrome. See Cytochrome 
oxidase 
a-Ketoglutaric. See Ketoglutaric oxi- 
dase 
Oxyhemoglobin: Haurowitz, 443 
Oxytocin: Amino groups, free, Davoll, 
Turner, Pierce, and du Vigneaud, 
363 
Desulfurization, Turner, Pierce, and 
du Vigneaud, 359 


Oxytocin—continued: 
Desulfurized, amino groups, free, Da- 
voll, Turner, Pierce, and du Vigneaud, 


363 
P 
Pepsin: Substrates, synthetic, Baker, 
809 


Peptide(s) : Hydroxyproline, cleavage by 
prolinase, Neuman and Smith, 97 
—, synthesis, Neuman and Smith, 


97 
Molecular weight distribution, Currie 
and Bull, 29 
Proline, cleavage by prolinase, Neu- 
man and Smith, 97 

—, synthesis, Newman and Smith, 
97 
Phenylalanine: Requirements, Rose, 
Warner, and Haines, 613 


Phosphatase(s): Bone chemistry, rdéle, 
Neuman, DiStefano, and Mulryan, 


227 

Snake venom, separation, chromato- 
graphic, Hurst and Butler, 91 
Phosphate(s): [sters, identification, 
chromatographic, Bandurski and 
Azelrod, 405 
Labeled, incorporation into liver lip- 
ides, Artom and Swanson, 473 


Phosphogluconate: 6-, ribulose-5-phos- 
phate and ribose-5-phosphate con- 
version from, enzymatic, Horecker, 
Smyrniotis, and Seegmiller, 383 

Phosphogluconic acid dehydrogenase: 
Yeast, Horecker and Smyrniotis, 

371 

Phospholipide(s) : Fatty acid, incorpora- 
tion into, Stevens and Chaikoff, 

465 


Phosphorylation(s): Pyruvate oxida- 
tion, nature, Barkulis and Lehninger, 

597 

Physostigmine: Cell, potassium ex- 
change, effect, Christensen and Riggs, 

621 

— uptake, effect, Christensen and 
Riggs, 621 
Pigment layer factor: Rhodopsin regen- 
eration, réle, Bliss, 525 
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Polypeptide(s): Lysine, tobacco mosaic 
virus, combination, Burger and Stah- 
mann, 13 

Potassium: Blood plasma electrolytes, 
effect, Muntwyler and Griffin, 563 

Exchange, cell, physostigmine effect, 


Christensen and Riggs, 621 
Muscle electrolytes, effect, Muntwyler 
and Griffin, 563 


Prolinase: Proline and hydroxyproline 
cleavage, Neuman and Smith, 97 
Proline: Hydroxy-. See Hydroxypro- 
line 
Peptides, cleavage by prolinase, Neu- 
man and Smith, 97 
—,synthesis, Neumanand Smith, 97 
Resolution, enzymatic, Hamer and 
Greenstein, 81 
Protein(s) : Determination, Folin phenol 
reagent, Lowry, Rosebrough, Farr, 
and Randall, 265 
Egg yolk, fractionation, Young and 
Phinney, 73 
Ultraviolet absorption spectra, Gold- 
farb, Saidel, and Mosovich, 397 
Protoverine: Isomeric forms, Jaffe and 
Jacobs, 325 
Purine(s): Formate incorporation into, 
Drysdale, Plaut, and Lardy, 533 
Pyridine nucleotide(s) : Blood cells, red, 
nicotinic acid and_ tryptophan, 
effect, Duncan and Sarett, 317 
Tryptophan and niacin conversion to, 
Feigelson, Williams, and Elvehjem, 
737 
Pyruvate: Citric acid synthesis, enzy- 
matic, acetyl donor, Korkes, del 
Campillo, Gunsalus, and Ochoa, 
721 
Liver, diabetes, fate, insulin effect, 
Osborn, Chatkoff, and Felts, 549 
Oxidation, phosphorylation, Barkulis 
and Lehninger, 597 


Q 


Quinolinic acid: Excretion and metabo- 
lism, Sarett, 627 


Rhodopsin : Regeneration, pigment layer 
factor, réle, Bliss, 525 


INDEX 


Riboflavin : Phosphorylation, enzymatic, 
Kearney and Englard, 821 
Ribose-5-phosphate: 6-Phosphoglucon- 
ate conversion to, enzymatic, Ho- 
recker, Smyrniotis, and Seegmiller, 
383 
Riboside(s): 2,6-Diaminopurine. See 
Diaminopurine riboside 
Nicotinamide. See Nicotinamide ri- 
boside 
Ribulose-5-phosphate: 6-Phosphogluco- 
nate conversion to, enzymatic, Ho- 
recker, Smyrniotis, and Seegmiller, 
383 


Skeleton: Fluoride metabolism, Sarchuck 
and Armstrong, 575 
Snake: Venom, phosphatase separation, 
chromatographic, Hurst and Butler, 


91 
Sorbitol: Metabolism, alloxan diabetes, 
Stetten and Stetten, 157 


Soy bean: See Bean 

Succinate: Acetate, lactate, and malo- 
nate conversion to, Lee and Lifson, 
253 
Formation, a-ketoglutaric oxidase ef- 
fect, Sanadi and Littlefield, 683 
Succinic acid: Photosynthesis, Chloro- 

bium thiosulphatophilum, Larsen, 


167 
Syphilis: Serodiagnosis, p-a-lecithin 
réle, Baer and Martin, 835 

T 
Testosterone: Radioactive, biosynthesis 
in vitro, Brady, 145 


Urine metabolites, effect, West, Reich, 


and Samuels, 219 
Thyroid: Carbohydrate utilization, 
Weiss, 509 


Tobacco: Mosaic virus, lysine polypep- 
tides, combination, Burger and Stah- 
mann, 13 


Transaminase : Glutamic-oxalacetic. 
See Glutamic-oxalacetic transami- 
nase 

Transamination: Reactions, measure- 
ment, spectrophotometric, Camma- 
rata and Cohen, 45 
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Transamination—continued: 
Tyrosine metabolism, réle, Schepartz, 
293 
Trypsin: Inhibitor, soy bean, toxicity, 
Liener, 183 
Tryptophan: Metabolism, cortisone ef- 
fect, Porter, Stoerk, and Silber, 
193 
Pyridine nucleotide formation from, 
Feigelson, Williams, and Elvehjem, 
737 
— nucleotides, red blood cells, effect, 
Duncan and Sarett, 317 
Tyrosine: Metabolism, transamination, 
Schepariz, 293 


U 


Urine: 8-Azaguanine metabolites, mon- 
key and mouse, Mandel, Alpen, Win- 
ters, and Smith, 63 

Corticosteroids, determination, chro- 
matographic, Burton, Zaffaroni, and 
Keutmann, 769 

Hydrogen ion concentration, vitamin 
D, relation, Steenbock, Bellin, and 


Wiest, 843 

Metabolites, testosterone effect, West, 

Reich, and Samuels, 219 


Venom(s): Snake, phosphatase separa- 
tion, chromatographic, Hurst and 


Butler, 91 
Veratrine: Alkaloids, Jaffe and Jacobs, 
7 325 


901 


Virus: Carbon 14 uptake from glucose 
in vitro, brain amino acids, effect, 
Rafelson, Winzler, and Pearson, 

205 

Tobacco mosaic, lysine polypeptides, 
combination, Burger and Stahmann, 
13 

Vitamin(s): By, growth, effect, Bennett, 

Joralemon, and Halpern, 285 

—, liver fat, effect, Bennett, Joralemon, 
and Halpern, 285 
—, tissue, determination, microbiolog- 
ical, Scheid and Schweigert, 299 
—, —, liberation, Scheid and Schwei- 
gert, 299 
D, urine hydrogen ion concentration, 
relation, Steenbock, Bellin, and Wiest, 


S43 
Lk, nucleic acid metabolism, relation, 


Young and Dinning, 743 


Xanthine dehydrogenase: Tissue, deter- 
mination, Remy, Richert, and Wester- 
feld, 649 

—, diet effect, Remy and Westerfeld, 
659 


Y 


Yeast: Amino acid synthesis, acetic acid 
utilization, Gilvargand Bloch, 339 
Carbohydrate assimilation and degra- 


dation, Fales, 113 
Phosphogluconic acid dehydrogenase, 
Horecker and Smyrniotis, 371 
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A STUDY OF ACETOACETATE “TURNOVER” IN RAT LIVER 


SLICES IN VITRO* 


By SIDNEY WEINHOUSE ann RUTH H. MILLINGTON 


(From the Lankenau Hospital Research Institute and The Institute for Cancer Research, 
Philadelphia, Pennsylvania) 


(Received for publication, June 7, 1951) 


Though much new knowledge has been obtained in recent years concern- 
ing the metabolism of ketone bodies, it is still difficult to assess adequately 
their significance in the normal intermediary metabolism of fatty acids 
and carbohydrates. ‘Traditionally, fatty acids have been considered to be 
the precursors of the ketone bodies or at least those produced during 
conditions of clinical ketosis (1-3); however, a host of studies (2), beginning 
with Embden in 1908, has focused attention on pyruvate and various 
amino acids as potential sources of ketone bodies, and more recently the 
ketogenic activity of pyruvate has been strikingly emphasized by Lehnin- 
ger’s finding of an essentially quantitative conversion of pyruvate to 
acetoacetate by washed liver particles in the presence of malonate (4). 
Indeed, because of the central position of acetate in intermediary meta- 
bolism almost any metabolite may be considered as a potential carbon 
source for ketone body formation. However, no reliable quantitative 
information is available concerning the extent of ketone body production 
in normal metabolism. Numerous attempts have been made in the past 
to estimate rates of acetoacetate formation and utilization, both in intact 
animals (5-8) and in isolated surviving tissues (9-11), but these studies 
suffer from the same uncertainties common to all types of balance studies 
made on intermediary metabolites: they give only the net effect of the 
rates of formation and disappearance without yielding any indication of 
the absolute magnitudes of each process. 

The present investigation was undertaken to estimate absolute rates 
of acetoacetate formation and utilization in individual tissues by an 
isotopic tracer method. The method consists in incubating slices of rat 
liver (and kidney) with a pool of labeled acetoacetate, and, after a definite 
interval, measuring the amount and the isotope content of the acetoacetate 
remaining. From the change in acetoacetate concentration, and the dilu- 
tion of its isotope content, it was possible to calculate reliable approxi- 
mations of the absolute rates of acetoacetate formation and disappearance. 
By collecting the respiratory CO, during these experiments and determin- 
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